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NOTICE

This report was prepared by Lawrence Berkeley Laboratory in the course of perform-
ing work contracted for and sponsored by the New York State Energy Research and
Development Authority (hereafter the "Authority"). The opinions expressed in this
report do not necessarily reflect those of the Authority or the State of New York
and reference to any specific product, service, process or method does not neces-
sarily constitute an implied or expressed recommendation or endorsement of same.
Further, the Authority and the State of New York make no warranties or representa-
tions, expressed or implied, as to the fitness for particular purpose, merchanta-
bility of any product, apparatus or service or the usefulness, completeness or
accuracy of any processes, methods or other information described, disclosed or
referred to in this report. The Authority and the State of New York make no
representation that the use of any product, apparatus, process, method or other
information will not infringe privately owned rights and will assume no liability
for damages resulting upon any information contained in this report.
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Section 1
INTRODUCTION

This report provides a broad overview and summary of the status of daylight utili-
zation in nonresidential buildings as of the early 1980s. Since the oil embargo
of 1973 and subsequent changes in energy policy and costs in the U.S., daylighting
has been increasingly viewed as an important energy-conservation option. As with
many other aspects of energy use in buildings, the design community's perspective
on daylight utilization has changed dramatically in the past 12 years and has
moved through three distinct stages. For the first three to five years after
1973, there was 1little recognition of the potential role of daylighting as an
energy strategy on the part of all but the leading edge of the profession and
researchers. However, by the late 1970s, daylighting began to be more enthusiast-
ically embraced by a larger fraction of practitioners, to the extent that by the
early 80s "daylighting" was almost a cliche associated with any building described
as "energy efficient".

As we move into the middle of this decade, we see a reduced emphasis overall on
the energy crisis, a more critical examination of energy-saving claims, and at the
same time an increased concern for occupant satisfaction and productivity. bDay-
Tighting fits well in this context, for there are still substantial real savings
to be generated in daylighted buildings, although we recognize that greater care
must be taken to properly integrate daylighting strategies with efficient electric
Tighting strategies and to control cooling loads and electrical demand. Building
occupants desire the views associated with daylighting and generally appreciate
the color rendition, modeling effects, and hourly variability that fenestration
provides, although these desires may not always be forcefully expressed. During
the coming decade, successfully daylighted buildings that meet energy, cost, and
occupant response criteria will require increasing attention to design integration
issues, to technical detail in several fields, and to 1lighting quality in our
indoor environments. Key decision makers throughout the building design process
will be asked to make cost-conscious evaluations and critical performance trade-
offs.

This Daylighting Technology Assessment was written to describe the state of the
art in daylight utilization; identify gaps in our knowledge, tools, or techniques
for applying daylighting strategies effectively; and recommend activities that
could be undertaken to provide the information, data, products, tools, etc., to
fill these gaps. The focus is on identifying specific research tasks that would
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advance the state of the art. No attempt is made here to assign priorities to the
many research tasks jdentified. After a summary of our key recommendations (Sec-
tion 2) and a brief historical perspective (Section 3), Section 4 presents quanti-
tative estimates of daylighting's potential savings. Sections 5 through 11 assess
a number of key performance-related issues that determine the effects of daylight-
ing strategies. Section 12 discusses constraints and incentives in the building
community that might dinhibit or accelerate effective daylighting utilization.
Additional supporting data collected in thelcourse of this study are provided in
several appendices. Each of sections 4 through 12 closes with a set of recommen-
dations in addition to the overall summary given in Section 2.
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SUMMARY

Section 2
SUMMARY AND RECOMMENDATIONS

Increased utilization of daylighting to reduce electric lighting requirements can
have beneficial impacts on utility costs (energy and peak demand) and can enhance

the visual quality of indoor environments. At this time however, these benefits

exist largely as potentials. Our review of the state of daylighting applications

suggests the following generalizations:

@

General interest in daylight utilization as an energy-saving and Tload
management strategy is high and increasing.

Potential benefits include not only energy savings but also reductions
in peak demand, load shaping, and reductions in HVAC size and cost.

Unlike some conservation strategies that have unknown or undesired side
effects, daylight utilization is linked in most peoples' minds to other
positive attributes: view, health, increased productivity, etc.

Although interest may be high, the general level of understanding of the
design and technical issues and solutions is low. This is due in part
to the almost complete lack of successfully daylighted buildings that
can be examined.

The technical and design skills needed to optimize daylighted building
designs and to maximize energy and load savings (while maintaining or
jmproving visual quality and comfort) are virtually non-existent. The
designers and consultants who venture beyond the simplest of proven
solutions find themselves in unexplored territory.

The real cost to a building owner of an unsuccessful daylighting solu-
tion (reduced productivity) can be very high.

Continued improvements in 1lighting design strategies and Tighting
hardware will reduce the dollar impact of daylighting savings. Stra-
tegies for an economically optimal combination of electric 1lighting
hardware and daylighting are not well understood.

These observations can be best summed up by noting that the potentials are high,

but that the risks and uncertainties remain high as well. Extensive computer
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simulations discussed in Section 4.0 allow us to estimate potential savings. In a
daylighted perimeter zone of a building, 70 percent of lighting energy consumption
can be saved. In an office occupancy with typical installed power levels of 2.3
watts per square foot (W/ft ) lighting will require 5.8 ki]owatt—hours per year
(kWh/yr). Daylighting could thus displace approx1mate1y 4 th/ft -yr. An effec-
tive lighting control system might provide 2.4 w/ft savings under peak conditions
for 8 months per year (this includes 1ighting savings and associated cooling load
reductions). At $0.10/kwWh for energy and $20/kW-month for peak demand, the annual
savings come to $O.80/ft2-yr. This provides a powerful incentive to examine the
potential savings in more detail.

RE COMMENDATIONS

Our review of the current state of the art in daylighting utilization in buildings
and the potential energy savings and peak load reductions suggests several criti-
cal and promising areas for research activities. In developing our 1ist of recom-
mendations we use the following general criteria:

1. The activity would initiate or accelerate the technical solution to a problem
that obstructs widespread daylight utilization.

2.  The activity would provide information and/or design tools to educate or
facilitate decision-making that would lead to greater daylight utilization.

3. The activity complements or accelerates high priority daylighting research
underway elsewhere.

Major project themes are jdentified below. More detailed recommendations in some
areas are found in individual sections of the report.

Education and Technology Transfer

There is a need for two types of activities in this area: transfer of emerging
research results to designers and decision-makers; and collection, packaging, and
dissemination of existing information to the appropriate audiences. The projects
are clustered into two major areas:

Development and implementation of educational programs on daylighting potentials,

issues, and design techniques, should emphasize existing educational channels and

organizations. This includes continuing education programs, university-level pro-
grams 1in architecture, engineering and lighting design, professional society
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activities, trade shows, utility programs, etc. Material for these programs can
come from many sources including activities such as demonstrations in New York
State. In many cases, it should be possible to co-fund activities with these
other organizations. Utilities and the Illuminating Engineering Society are
organizations that have existing commitments in this area and thus may be more
1ikely than others to participate in joint programs. We suggest developing a
state-wide infrastructure of expertise on daylighting based on existing educa-
tional institutions that already have a demonstrated commitment to working closely
with design professionals. One would start development of the infrastructure with
the goal of having the participants financially self-supporting in 2 to 4 years
based on user fees and local utility/industry support. This network would provide
the average designer with access to specialized tools (e.g., computer models, pho-
tometric instrumentation) they would otherwise be unable to use. The network
would also provide the design community with seminars, data bases, and other
reference materials and expertise.

Design tools and other design data for daylighting are in short supply. Efforts

to develop, evaluate, and promote use of appropriate daylighting design tools
should be supported. Some examples are mentioned in the text. In the area of
design tools, emphasis should be placed on techniques to compare and evaluate
tools since we expect many new tools to emerge from the public and private sector
over the next few years. There are DOE-supported projects in this area tnat mignt
be accelerated. Data on product performance, measured building performance, test
criteria, etc., are universally required to assist designers and are rarely avail-
able in up-to-date and usable formats. Appropriate data bases on many of the sub-
jects discussed in this report should be developed and updated. An institution or
organization that is viewed as both competent and objective is required to col-
lect, filter, and disseminate these data. After initial implementation it is
Tikely that these activities could be financially self-supporting. In some sub-
ject areas they can build on work started elsewhere and might continue as joint
efforts.

Daylight Resource Availability

Data on daylight availability are essential for design purposes and to make accu-
rate estimates of the potential savings in daylighted buildings. A two-fold
effort is suggested. In the short term the applicability of existing data bases
and calculation techniques to New York climates should be investigated and avail-
able information should be expanded or modified to ensure that adequate interim
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data are available for all design and analysis purposes. This could be accom
plished at modest cost if the end use of data was well defined. This work might
also define the level of technical data and detail required for the longer term,
effort outlined below. For the longer term, one or more data collection projects
should be undertaken to ensure that accurate data are available for key New York
population centers. This might be done in conjunction with existing university
and/or utility studies of solar energy availability. Another way to reduce costs
is to piggyback photometric instrumentation on other demonstration or data collec-
tion projects. Carefully conceived collection, calibration, and analysis proto-
cols must be developed prior to collecting data. There is now sufficient (pain-
ful) experience with solar data collection to assemble an advisory group to ensure
that old mistakes are not repeated. Specialized studies. should also be undertaken
to explore subjects such as daylight available in built-up urban areas, ground
cover (e.g., snow) effects on daylight, and other unique microclimate influences.

New Technologies

Detailed examinations of the performance of existing buildings and computer simu-
lation studies of energy use in daylighted buildings will suggest areas where new
fenestration and lighting control technologies might be wuseful. A number of
specific topics are suggested in the body of the report. We suggest support of
new technology development but urge caution at the same time. The product
development cycle is expensive if followed from concept to marketplace, and the
funding required to make a substantial positive impact is often large. Products
uniquely suited for New York applications might be candidates, although there are
probably few in this category. Products in which New York-based industry has a
substantial stake might also be candidates for special consideration. Otherwise,
one should look for situations in which novel, high-risk concepts can be advanced
to the stage where normal market development processes take over, emphasizing co-
funding situations that provide high leverage for the new funds invested. New DUE
solicitations for advanced glazing developments will be initiated in the future
and might present possibilities for co-funding. Most product research and
development occurs at a national level so it will be important to ensure that
local or state funds do not duplicate private or publicly supported projects else-
where. Because of the nigh cost and long development time for most new preducts,
we believe that development of performance data from laboratory testing or field
measurements in demonstration buildings is probably a more cost-effective way to
accelerate market introduction and acceptance of new technologies unless co-
funding agreements are possible or unless the available support can critically



Teverage a promising product concept.

Energy and Peak Load Simulation Studies

This report discusses results of energy and peak load simulation studies in
several building modules for different daylighting approaches in different cli-
mates. This type of study provides basic guidance for the design community and
manufacturers who are concerned that their products meet real performance needs.
However, simulation of daylighted building performance is still in its infancy.

Additional studies are required to gquantify more precisely the impact of daylight-
ing on additional building types and design strategies, and to determine the
potentials for load management and peak load savings. This may involve some new
algorithm development, although much of what is required is under development with
support from other sources. Since designers do often lack the luxury of detailed
analysis of daylighting impacts due to fee 1imitations, it might be useful to sub-
sidize additional analysis efforts in exchange for access to the building after it
is built to determine the effectiveness of the additional design data. Candidate
simulation results should be examined to determine if they can be readily con-
verted into simplified calculations procedures that might be added to the design
tool section. Results of simulation studies should also be converted into more
extensive economics studies that identify the range of cost-effective savings from
the perspective of different owners and investors. Finally, simulation studies
are in desperate need of validation and verification--this is discussed in the
next section.

Building Monitoring Program

Performance data for daylighted buildings are virtually nonexistent. A review of
over 40 "daylighted" buildings described in the architectural and engineering
press provided little useful data on the magnitude of daylight savings. A few
'bu11d1ngs have been monitored with DOE support under the auspices of the Passive
Solar Commercial Buildings Program. These data are necessary, not only to vali-
date computer models that provide guidance to designers, but also to convince
hard-nosed decision-makers that these approaches are viable and cost-effective.
We propose a series of major interrelated activities in this area.

Data Base. Develop and maintain a data base on daylighted building performance,
including both new and retrofitted buildings of all types. This should contain
not only buildings in New York State but in similar climates in the U.S. The
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emphasis should be on measured performance data although, it is recognized that
only a small number of buildings will have such data available initially. The
ideal data base would contain a relatively fine level of detail on the best solu-
tions.

Monitoring Program. Since few performance data are currently available for day-

lighted buildings, we suggest a major but carefully conceived and focused effort
to collect such data. Monitoring should be done at several levels (daylighting
impact only, daylighting/cooling impact, total energy impact, peak load impact,
etc.) and on several time frames-- e.g., walk-through, short-term, and long-term.
The buildings to be monitored should include a range of daylighting strategies as
utilized in appropriate building types. Prior to implementation of a monitoring
program, every effort should be made to identify sources of existing measured data
from utilities, building/owner associations, etc. A properly executed building
monitoring program will be a major and expensive program. However, we believe the
benefits of such a program justify this undertaking from the perspective of (1)
increasing our technical understanding of how to design effectively daylighted
spaces; (2) identifying future research needs; and (3) convincing building owners
and decision-makers of the value of daylighted buildings. A monitoring program
should include some investigations of occupant response and issues related to the
quality of the daylighted spaces. Building monitoring is both complex and expen-
sive, so0 we suggest that improved monitoring techniques be developed (discussed
below) and that efforts be made to involve other interested parties such as utili-
ties and building owners. The needs and interests of the groups that might be
influenced by the results of the monitoring program should be considered
throughout program development and implementation.

Measurement Techniques. Existing experience with monitoring nonresidential build-

ings suggests that the cost of traditional monitoring is very high. We believe it
will be possible to develop new instrumentation and monitoring procedures that
would reduce costs while improving the usefulness of data collected. Some work in
this area is now underway and the status of this work should be investigated prior
to undertaking new efforts in this area.
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Section 3
HISTORICAL PERSPECTIVE

Unlike some of the newer and more exotic strategies to reduce building energy con-
sumption, daylighting has a long and varied history. Prior to the invention of
the electric 1light, buildings and their fenestration systems were routinely
designed to admit daylight and utilize natural ventilation. Candles and oil or
gas lamps could not compete with the quantity and quality of light provided by the
sun and sky. Even after the invention of the electric 1ight and through the first
three decades of the twentieth century, daylight as a light source compared favor-
ably with incandescent sources. Recommended illuminance levels were sufficiently
Tow that moderate-sized windows could provide adequate i1Tuminance throughout much
of the year. Large floor-to-ceiling dimensions accommodated good daylight pene-
tration and natural ventilation. The patent literature from 1880 to 1930 is
filled with practical and fanciful solutions for admitting light from the sun and
sky to building interiors.

From 1930 to 1950 profound changes occurred in building technology and design that
combined to reduce the value of daylight. The introduction of the fluorescent
Tamp and the continued decline in the relative cost of electricity made it cheaper
and more convenient to maintain higher interior illuminance levels with electric
1ighting. Mechanical ventilation systems and mechanical cooling systems replaced
natural ventilation as the mechanism for controlling thermal comfort. To minimize
the volume of air exchanged and to reduce heat gains, floor-to-ceiling heights
dropped and window size was reduced. As land and building costs increased, the
economic pressures for reduced building height, greater net usable space, and more
compact buildings increased. All of these actions tended to reduce the opportuni-
ties for effective daylight utilization.

From the 1940s to the 1970s these technical and economic trends accelerated. In
addition, the building design profession was guided by the assumption that appear-
ance was the primary objective because our technological prowess (and cheap
energy) made it possible to build any design in any climate and ensure that it
could be heated, cooled, and lighted. The design profession had the ability to
overwhelm any natural energy flow in buildings with a brute-force approach to pro-
viding climate control and desired illuminance. Daylight is rarely discussed as a
determinant of building designs in this period, and, when it is, its relationship
to view and aesthetics is the primary focus. The use of daylight as an energy and
load management strategy is rarely mentioned.



Following the recent period of rapidly rising energy costs (and rising building
costs), the varied potentials of daylight have been rediscovered. However, there
has been a painful and awkward growth in interest and activity, since most of the
infrastructure for evaluating daylight (e.g., professional education) has long
since disappeared in architectural curricula. Furthermore, the past decade was a
time of great turmoil in the 1lighting design profession, as designers struggled to
adjust their long-standing concerns for lighting quality to newly imposed require-
ments for energy efficiency. It is probably fair to comment that architects
quickly rekindled their dinterest in daylight, but have lacked the skills to
translate that interest into workable buildings; 1ighting designers traditionally
saw daylight as a minor and peripheral adjunct to their fundamental business of
lighting buildings, and engineers generally lacked the interest and skills to
address the problems. Building owners and other decision-makers were not con-
vinced that daylight as a design and energy strategy was a safe, low-risk, cost-
effective investment. The existing data base of buildings that could serve as
models of good daylighting design was (and still is) largely non-existent.

The next 10 years should see substantial change in this situation. New and more
efficient fenestration systems and 1lighting controls will become available.
Design tools, skills, and confidence have increased to the point where daylighting
strategies are more frequently incorporated into new buildings. ODuring the next
10 years, results from these buildings and advances in other areas should
accelerate identification and more widespread use of successful approaches. It is
our hope that this report will help identify some of the actions that might
advance effective daylight utilization.



Section 4
POTENTIAL ENERGY SAVINGS

INTRODUCTION

Fenestration's influence on total building energy performance involves a complex
interaction among the fenestration's thermal and optical characteristics and other
building parameters, set within the context of climate and orientation.

Defining the benefits of daylighting is difficult for several reasons. First, it
is a complex problem that is linked to many aspects of commercial building perfor-
mance. Second, until recently the large computer models used for energy analysis
were unable to model daylighting effects accurately. There is little or no
operating experience and few measured performance data on the thermal performance
of fenestration, and even less information on the effects of daylighting. In
order to understand fully the energy-conservation and economic benefits of day-
lighting, it is necessary to consider lighting energy consumption, thermal perfor-
mance, and peak electrical demand.

Detailed data on peak electrical demands are necessary to completely analyze the
costs/benefits of daylight-responsive electric lighting systems and to accurately
determine total electrical costs. Reducing both consumption charges and demand
should provide substantial operating savings.

The studies discussed here focus on improving our understanding of the relation-
ship between fenestration parameters and 1) electric lighting reductions due to
daylighting, 2) thermal loads both with and without daylighting, and 3) the impact
of daylighting strategies on building electrical demand.

We analyzed daylighted building performance using two approaches based on ongoing
fenestration research at LBL. In the first phase of these studies, we developed
methodologies for conducting parametric studies and assessing their results.
These results provided the basis for a second phase in which the methodologies
were further developed, the parametric range was expanded, and newly available
advanced analysis tools were used.

Results indicate that for a typical daylighted perimeter zone in a commercial
office building in New York State, annual electric lighting savings can be as high
as 80%. Peak electric demand reductions were also substantial. In many
instances, during peak demand hours no electric lighting was required in day-
lighted zones. For the building studied, with 62% core area and 38% perimeter
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area, peak demand reductions for the entire building reached 15%. Greater percen-
tages of daylighted floor space could yield even greater reductions in peak
demand.

Peak demand as a summer phenomenon is composed primarily of electric lighting and
cooling. The large window areas necessary for maximum daylighting savings also
admit solar gain, which may cause cooling load increases that exceed daylighting
benefits. Furthermore, daylighting benefits begin to saturate and level off with
window areas much smaller than necessary for maximum benefits, while cooling load
continues to rise monotonically even after daylighting benefits begin to level
off. Optimum design solutions, which are suggested in this report, will require
further research that accounts in detail for energy consumption economics and
various building energy interactions (e.g., HVAC system design and thermal storage
systems) as well as fenestration parameters.

Daylighting from skylights offers savings potentials that can be even greater than
those from windows. Once again, however, the energy benefits of skylights can be
negated by the less favorable orientation for solar gain and the corresponding
cooling loads. Design optimization involves critical sizing issues that require
further research.

The results, while clearly pointing up the energy-conserving potential of day-
lighting, demonstrate the need for more detailed performance data and design
guidelines to allow daylighting's potential to be realized.

PHASE-ONE STUDIES
Methodology

In order to study the effects of fenestration on building energy performance,
representative five-zone commercial office modules were designed. A module confi-
guration was evolved through a series of sensitivity studies that provided the
basis for a building-block approach for calculations. The building module is
square in plan and 60.96 meters (200 ft) on a side. It contains four identical
perimeter zones each 9.14 meters (30 ft) deep, surrounding a core zone. Ceiling
height is 3.05 meters (10 ft). The module can be considered as a single floor in
a multistory building. No net heat transfer occurs through the floor or ceiling,
or between perimeter zones.

Glazing is flush with the exterior surface and no exterior shading elements or
obstructions exist. The windows are furnished with drapes having a shading
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coefficient multiplier of 0.6. There is an 80% probability that the drapes are
closed when direct solar transmission exceeds 63 W/m2 (20 Btu/hr-ftz)

A ceiling-mounted fluorescent lighting system provides 538 lux (50 footcandles)
and requires 21.5 W/m2 (2 W/ftz). The electric lighting in the outer 4.57 meters
(15 ft) of each perimeter zone can be reduced in response to daylight. Daylignht
does not influence electric lighting usage in the inner portion of the 30-ft-deep
zone. The lighting controls are assumed to dim linearly to a minimum 30% power,
thus providing a maximum savings of 70% of the electric 1ighting energy.

For this phase of the studies the conductance of the opaque wall was held constant
and that of the glass was varied. Tne conductance of single glazing and quadruple
glazing were taken as limiting values. Intermediate cases of single glazing with a
low-emissivity surface and conventional double and triple glazing were also stu-
died.

Shading coefficient of the glass was varied in increments of 0.2 from O to 1.0. A
constant value of 0.8 was taken for visible transmittance within a shading coeffi-
cient range of 0.4 to 0.8. Results for other visible transmittance values can pe
estimated as described later. Window-to-wall ratios of 0.9, 0.6, 0.3, 0.15, and
0.0 were used to provide a full range of glazing areas.

Annual energy consumption was modeled with a development version of DOE-2.1, which
was modified to improve the analysis of fenestration performance. These improve-
ments were incorporated into DOE-2.1B, which was used in the next phase of the
studies. Since the DOE-2.1 development version lacked a daylighting algorithm, a
simplified daylighting algorithm was added as a preprocessor and annual energy
performance was calculated both with and without the utilization of daylight in
the perimeter zones.

Results

For the case of moderate to large windows with high U-values, (e.g., single glaz-
ing), thermal performance is dominated by heating load and total energy consump-
tion generally falls with increased shading coefficient (SC) since the solar gain
usefully offsets heating loads. To make significant reductions in total energy
consumption, the U-value and/or window area must be reduced. As the U-value is
reduced, the thermal balance point in the perimeter zone shifts, resulting in a
proportionally higher cooling load. In the north zone, Fig. 4.1, an increase in
shading coefficient adds slightly to the cooling load; on east, south, and west

4-3



orientations, the cooling load increase is significant. The results for the south
zone presented in Fig. 4.2 show total energy consumption rising at high SC with an
optimum performance at an intermediate value of SC. The optimum value for SC
decreases as U-value is decreased. Thus with large single-glazed windows, the
primary conservation strategy is to reduce conductance. This in turn reguires a
reduced shading coefficient to avoid negating the heating Toad savings by
increased cooling loads. However, as window size is reduced the optimum SC
increases. Solar gain per unit glass area is then limited to that which can be
utilized in the heating season, and the negative cooling impact is controlled by
the smaller window size. These results suggested use of several lumped parame-
ters, primarily (SC x area) and (visible transmittance x area), which were supse-
quently used to characterize window performance in the next phase of this work.

A1l daylighting calculations in the Phase-One Study were performed using a visible
transmittance of 0.8. Using this value as an upper limit for daylighting savings
and taking the nondaylighted case as a lower limit, it is possible to interpolate
to estimate savings for any intermediate transmittance value. Daylighting savings
vary with latitude, climate, orientation, hours of occupancy, lighting control
system, glazing transmittance, and glazing area. The primary variables of interest
in this phase of the study are glazing transmittance and area. Although for a
given hourly climatic condition, daylight illumination in an interior space is a
nearly linear function of glazing area and transmittance, the relationship between
annual savings and these glazing parameters is more complex. For example, day-
light illumination above the desired lighting level produces no additional energy
savings. Thus, as window area and/or transmittance increase, savings do not
increase proportionally, and for a given window area, interpolation between the
nondaylighted case and the 0.8 transmittance case is highly non-linear.

Table 4-1 provides sample data for New York City from the simplified daylighting
model which allows daylight savings to be estimated for any glazing area and glaz-
ing transmittance (Tv)- The values in the matrix are the percent of total electric
lighting energy consumption averaged over all four perimeter zones. The highest
value in the table, 100 (Tv 0.1, WWR
The lowest value, 69.4 (Tv 1.0, WWR
tric lighting energy. The lowest value representative of parameters used in this
study corresponds to Tv = 0.8, WWR = 0.9, about a 30% reduction. This is close to
the theoretical maximum savings (35%) since only the outer half of the perimeter

0.1), represents 100% electric lighting.

1l
1]

1.0), represents a 30% reduction in elec-

zone is daylighted and the dimmable lighting control system never reduces lighting
energy by more than 70%. Note that for a given shading coefficient the full range
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of visible transmittance may not be realizable since it will not be possible to
have a visible transmittance more than about twice the value of the shading coef-
ficient.

These results with daylighting utilization are predicated on an electric lighting
load of 21.5 N/m2 (2 W/ftz), which is representative of current energy-efficient
lighting design practice. If daylighting is utilized to offset the higher electr-
ical 1lighting loads found in many existing buildings, it can provide far more
dramatic benefits. Conversely, with more efficient electric 1ighting, the impact
of daylighting diminishes, as will be seen in the next section.

PHASE-TWO STUDIES
Methodology

Completion of the early phase of work raised many additional questions regarding
the relative importance of the visible transmittance of the glass, the installed
lighting power, and the lighting control strategy. A new series of parametric
studies was developed using an expanded range of variables and DOE-2.1B, an
upgraded version of the program with an integral daylighting model. In order to
facilitate daylighting calculations in this improved version of DOE-Z2, the build-
ing module was revised.

This new module consists of four identical perimeter zones, each 4.8 m (15 ft)
deep, surrounding a square common core zone. As before the ceiling and floor were
modeled as having no net heat transfer. The overall envelope thermal conductance
was held constant in order to isolate solar gain and daylighting effects. Thus
when glazing area or glazing U-value was changed, the wall U-value was adjusted to
maintain a constant overall envelope conductance. After basic performance pat-
terns were established, the overall conductance was varied over a representative
range. Fenestration characteristics were varied by changing the number of panes
of glazing, glazing area, visible transmittance, and shading coefficient. As
base-case conditions, we assumed that occupant requirements for thermal and visual
comfort would result in the use of drapes or shades for any hour in which
transmitted direct solar radiation exceeded 63 ‘N/m2 (20 Btu/hr-ftz), or any hour
in which window luminance produced a glare index greater than 20. The interior
shading device reduces solar heat gain by 40% and visible transmittance by 65%,
values typical of conventional interior drapes or blinds.
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Electric lighting power density was varied from 12.9 to 34.5 w/m2 (1.2 to 3.2
W/ftz) based on a design illuminance of 538 lux (50 fc). We examined the effects
of stepped switching and continuous dimming in response to daylight. The continu-
ous dimming system modeled dims from 100% light output with 100% power to 0% light
output with 10% residual power.

The DOE-2.1B building energy analysis program used as the modeling tool incor-
porates a daylighting model that calculates hourly interior daylight illuminance
for each zone of a building based on architectural design and hourly weather data.
Our initial intent was to complete analysis for two climates in New York State,
New York City and Albany, using WYEC weather tapes. However, as part of another
study, we examined the performance of daylighted buildings in Madison, Wisconsin.
Madison weather data was available on WYEC tapes and approximates that of Albany
both monthly and annually within a few percentage points. Weather summary com-
parisons are presented in Tables 4-2 and 4-3. We have thus chosen to analyze
simulation results from Madison to characterize the impact of daylighting in
Albany. These two climates, exemplary of the climate range of populous areas 1in
New York State, provide satisfactory bounds to this study.

Total plant energy consumption was calculated for the entire five-zone module;
however, in order to examine the effects of orientation, we also studied zone-by-
zone requirements based on zone-level coil loads. The interactions among various
HVAC systems and building envelope characteristics can be important, but were not
a primary issue in this study. In another part of this report we examine the
impact of daylighting in a typical high-rise building with several different HVAC
options.

Results

Energy Use--Windows. The numerous parametric runs provided a data base that
demonstrates the complexity of daylighting energy analysis relative to our primary

concerns--climate, orientation, and fenestration--along with other physical and
operational building parameters. To simplify interpretation of results, we define
a new term, effective aperture, which is the product of the ratio of glass area to

floor-to-ceiling wall area (WWR) times visible transmittance (or, when appropri-
ate, shading coefficient). The value of visible transmittance is taken as two
thirds that of the shading coefficient, a generally conservative assumption.
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The dimming system is continuously responsive to variations in daylight level and
maximizes the benefit from low daylight levels. The simple stepped system reduces
electric lighting power only when daylight exceeds the design criteria and pro-
vides all required lighting; at zero electric light output there is zero power
consumption. Thus the step-switching system is most effective at high interior
daylight levels, where it outperforms the cbntinuous dimming system with low-level
losses; step switching is least effective in situations in which low daylight lev-
els provide only a fraction of desired illuminance.

The principal effect of daylighting is to reduce electric lighting use. Sample
DOE-2 reports for north and south perimeter offices in New York City are presented
in Tables 4-4 through 4-9 for a small aperture (WWR = 0.21) with moderate
transmissivity (0.40). Even with this small aperture, annual percent lighting
reductions are 20% for the north zone (Table 4-4) and 28% for the south zone
(Table 4-5). Maximum monthly savings of 37% in the north zone and 44% in the
south zone occur during July when maximum cooling loads are contributing to annual
peak electrical demand. The daylighting illuminance range is indicated for each
month in Tables 4-6 and 4-7. The average hourly percent lighting reduction on a
monthly basis is shown in Tables 4-8 and 4-9. In the south zone (Table 4-9), mid-
day daylighting levels in summer months have not yet saturated, as indicated by
the 40-65% lighting energy reductions during occupied hours. iore daylight intro-
duced at these hours would be useful and the effective aperture could be increased
somewhat before it would increase cooling loads without adding lighting benefits.
North zone lighting energy reductions (Table 4-8) reach a maximum of 48% at noon
in July, indicating that substantially more daylight could be effectively util-
ized.

As the effective aperture increases from 0, lighting energy savings first rise
rapidly but electrical consumption for lighting then levels off. For a given
effective aperture, the fractional savings depend on the design illuminance level,
lighting power density, and the lighting control strategy. Figure 4.3 illustrates
the change in fractional lighting energy savings as a function of effective aper-
ture for three design illuminance values with a stepped system and for a continu-
ously dimmed system. These results for "Albany" (Madison, Wisc.) are representa-
tive of savings potential with daylignhting in the northern tier in the U.S. For
small apertures the savings are not linear with respect to design illuminance
level. For larger apertures the shape of the curves indicates that daylighting
becomes saturated and further savings are minimal. Results for New York City are
similar.
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The choice of 1lighting control strategy has several consequences. Figure 4.4
illustrates lighting energy consumption with a dimming control and a stepped con-
trol both set to 538 1lux (50 fc). For small apertures, the dimming control
always outperforms the stepped system because for many hours the available day-
light is below the control setpoint, allowing partial savings with the dimming
system but none with the switched control. As aperture size increases, the
difference between the two is reduced. Eventually the switched system outperforms
the dimming system because of the dimming system's low-end operating characteris-
tics. This pattern appears on all orientations in both climates.

Total electric lighting energy savings can be substantial. Approximately 50 to
80% of electric lighting in the perimeter can readily be saved. Note, however,
that the savings saturate at moderate effective apertures of 0.2 to 0.3,
similar to the results shown in Table 4-1. This suggests that for a 538-lux (50-
fc) setpoint, a 50% glazed wall with 50% transmittance or a 30% glazed wall with
80% transmittance will provide most of the possible daylighting savings in a typi-
cal 15-foot-deep perimeter zone. Walls that are fully glazed from a 0.8-m-high
(30-in.) sill to ceiling have 71% glazing and would provide most of the potential
savings with a transmittance as low as 30%. These moderately transmitting pro-
ducts may also reduce discomfort from glare. However, the highly reflective
architectural glasses in common use, which have 8 to 14% daylight transmittance,
provide substantially lower daylighting savings. These glazings emphasize sun and
glare control at the expense of daylight transmittance. Note that if the design
illuminance level was lowered to 323 lux (30 fc), a level that might be used for
ambient 1lighting only, the fractional savings in all the above cases would
increase, notably with the very low transmittance glazings.

During winter months, the balance point of a zone shifts when the electric light-
ing is reduced and additional heating energy is consumed. The magnitude of the
heating-load increase depends on orientation. The worst case occurs in a north
zone, which can show a 25% increase for large effective apertures. However, for
the south zones the increase can be much smaller, about 5%. This is because the
solar gain that was unusable when the electric lights were on is now being used to
offset part of the increased heating load. In the summer, reduced electric light-
ing diminishes cooling loads.

An overall picture of total zone plant energy requirements for a south zone as a
function of glazing parameters and lighting load is shown in Figure 4.5, which
presents total plant energy results for "Albany" for two different lighting loads:



12.9 and 23.7 W/m2 (1.2 and 2.2 w/ftz). The curves initially decrease to a
minimum and then rise monotonically as effective aperture increases. We show
curves for a nondaylighted case (solid line) and for two daylighted cases, one
for continuous dimming, and one for step switching. The continuous dimming system
outperforms step switching for small effective apertures, but the curves cross and
change relative positions for larger apertures.

For this south orientation, after an optimum effective aperture is reached, total
energy consumption increases, dominated by the rising cooling load. In this case
there 1is an obvious tradeoff between cooling and daylighting, and the optimum
solution is somewhat sensitive to installed lighting power. For 23.7 W/m2 (2.2
w/ftz) installed lighting load, the optimum effective -aperture is approximately
0.30. However, the optimum is not sharply defined and even at the largest value
studied (approximately 0.4), the energy requirement with daylighting is only
slightly higher than at the optimum, and is well below that of an insulated wall.
If we drop to an installed lighting load of 12.9 w/m2 (1.2 N/ftz) on the south
zone, the optimum shifts to a smaller effective aperture of approximately 0.25.
For either lighting power density, the energy requirement in the daylighted case
is always less than that of an opaque wall for the range of effective aperture
studied.

A comparison between north and south zone performance shows that the relative
differences are small (Figs. 4.5 and 4.6). In the south zone, total energy
requirements decrease to an effective aperture of 0.20 - 0.25 for the nonday-
lighted case, after which the south zone's total energy requirement rises. This
rise occurs even though heating requirements are reduced in the south zone as
effective aperture increases, resulting entirely from the large increase in cool-
ing requirements. In the north zone, for the entire effective aperture range stu-
died, total energy requirements for both the daylighted and nondaylighted cases
monotonically decrease with increasing effective aperture. Solar gain is pri-
marily diffuse and has a greater influence on heating load reductions than on
cooling load increases. These results are a consequence of the fact that we have
adjusted the wall conductance to hold the overall U-value constant as glazing area
changes. The specific influence of effective aperture on lighting, and cooling
requirements is shown in Figures 4.7 and 4.8.

Although a daylighted building will clearly have a lower cooling load than an
identical nondaylighted building, the effective efficacy of daylight as a light
source has been the subject of much discussion and some misconceptions. It has
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been often stated that since the efficacy of daylight of 90-130 lumens per Watt
(1m/W) is higher than that of electric lighting systems (60-90 1m/W), daylighting
always produces a lower cooling load impact than electric lighting. We believe
this is an incorrect generalization, although there are circumstances in which it
will be true.

If we plot cooling load vs. effective aperture for different values of installed
lighting power density we find that the curves rise monotonically for very low
lighting power densities, indicating that the net impact of each increment of
glass is to increase cooling load. For cases with high installied lighting power
densities, the cooling load first drops as effective aperture increases, and then
rises through the rest of the aperture size range. Tﬁis indicates that there are
conditions under which the cooling load impact of daylight is less than that of
electric light.

The'fa11acy of the comparative efficacies of daylight and electric light is based
on a misuse of the term efficacy. The cooling load impact of any source of radi-
ant energy is dependent not only on the intrinsic special distribution of the
source but also on how that source contributes to heat gain and lighting require-
ments in the building. In the case of electric Tighting, we can define an "effec-
tive efficacy" as the ratio of useful illuminance (in this case, the design
illuminance), 538 1lux (50 fc), to the input power density, which varies. This
results in an effective efficacy of 19 1m/W, 29 1m/W, and 72 1m/W, corresponding
to lighting power densities of 29.2 N/mz, 18.3 w/mz, and 7.5 w/mz, respectively.
The reason that these values differ from the typically quoted fluorescent system
values is that the effective efficacy accounts for light that never contributes to
useful workplane illuminance.

Direct calculation of an effective efficacy for daylight is much narder because
the illuminance distribution varies in time and space. Two primary effects reduce
the effective efficacy of daylight: the nonuniform distribution of daylight and
the design of simple 1lighting control systems. Our lighting control system
adjusts the electric light in response to the illuminance at a point two-thirds of
the distance from the window to the back wall of the room. Under typical sky con-
ditions in a small perimeter room, the illuminance falls off sharply from the win-
dow to the back wall. The average illuminance throughout the space is approxi-
mately twice the illuminance at the control point. Since the electric lighting
power is set based on the control point value at any given time, there is approxi-
mately twice the average luminous flux (and thus twice the radiant gain) at the
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workplane that is accounted for by the value measured at the lighting control
point. This reduces the effective efficacy by a factor of two. In addition, Jjust
as in the case of electric lighting, a fraction of the admitted luminous flux is
absorbed by room surfaces and never provides useful illuminance. 1In a sidelighted
space this fraction will normally be greater than with ceiling-mounted electric
light since the flux is admitted from the side. There are additional losses in
the window system and other factors that further reduce effective efficacy. When
we account for all these factors, using the perimeter office we have modeled, we
find the nominal efficacy of daylight has been reduced to an effective efficacy of
30 Im/W. This suggests that of the three electric lighting power densities we
considered, the daylight strategy reduces cooling loads only in the case of the
least efficient electric lighting system and then only for small apertures. This
approximate analytical result is confirmed by simulation results. As aperture
size increases, the effective efficacy of daylight will always be further reduced.

Daylight can reduce cooling loads relative to many electric lighting designs if we
alter the parameters of this study. For example, in our studies of a skylighted
space with properly distripbuted skylights, the illuminance distribution is more
uniform and the room optical losses are lower so the effective efficacy is much
higher than in the sidelit perimeter office. Furthermore, the nature of this prob-
lem suggests that advanced glazing systems having better spectral and directional
control properties;improved 1ighting controls would also greatly improve the cool-
ing load impacts. Until these interrelated effects are better understood, claims
regarding the impacts of daylighting on cooling loads should be examined carefully
on a case-by-case basis.

Energy Use--Skylights. As with vertical fenestration systems, energy savings from

horizontal skylights vary as a function of the lighting level (fc) and the light-
ing control system. Figures 4.9, 4.10, and 4.11 show lighting, cooling, and total
energy savings as a function of effective aperture for four different 1lighting
systems: continuous dimming at lighting levels of 30, 50, and 70 fc, and stepped
switching at 50 fc. As might be expected, the three continuous dimming systems
have similar savings curves, with downward shifts in energy savings with daylight-
ing as the required maintained lighting level increases. Stepped systems provide
somewhat smaller savings except at very large effective apertures, where the
minimum power requirement of the continuous dimming system results in better per-
formance from the stepped switching system for the same lighting level (50 fc).

Figure 4.12 shows annual energy use vs. effective aperture for an extended range
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of effective aperture (up to 0.08). Note that daylighting savings approach their
maximum value at very small effective apertures, approximately 0.02. This is
also the aperture size by which cooling and total energy consumption have reached
and passed their minimum values. Increasing effective aperture beyond this point
provides additional hours 1in which daylighting exceeds 1lighting level design
requirements and imposes an increasing cooling energy penalty. This crossover is
typically reached at a much smaller effective aperture in flat skylights than in
vertical fenestration as a consequence of the greater daylight availability and
the less favorable orientation to solar geometry. Flat skylights receive maximum
direct solar radiation in the summer when it imposes a cooling load, and minimum
direct solar during the winter when it can be used to offset heating requirements.
The use of properly designed exterior shading elements-on flat skylights or otner
skylight or roof monitor configurations can change this relationship to yield
improved net annual energy performance.

Peak Demand Analysis. Unless electricity is the primary heat source in a cold

climate, electrical consumption in office buildings typically peaks during summer
months when cooling requirements are at a maximum. In this study we modeled heat-
ing being supplied with a gas-fired boiler and cooling being provided with an open
centrifugal chiller. Therefore, the peak electric demand conclusions of this
study are limited to summer peaking. Results might change with electric heat
sources such as heat pumps.

Using the same prototypical building module as above (including the core), we
extended our analysis to examine peak demand impacts of fenestration on the whole
module. Figure 4.13 shows that daylight from moderate-to-large effective aper-
tures can reduce total building peak demand by 14-15% in “Albany", compared to a
nondaylighted building with identical glazing when the electric lighting is 18.3
W/m2 (1.7 w/ftz) (compare curves B and D). In this case the daylighted perimeter
floor space is only 37% of the total. The fraction of total building peak demand
saved will vary with the ratio of perimeter area to core area.

A plot of required chiller size as a function of effective aperture is included in
Fig. 4.13. Chiller size increases continuously with effective aperture even in
the daylighted cases. This pattern contrasts with the peak load patterns, which
show an intermediate value of effective aperture for the minimum peak loads. The
data for "Albany" indicate that the incremental chiller savings due to reduced
lighting loads occur at low effective aperture values and remain constant, while
the incremental adverse impact of solar gain continues to increase as effective
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aperture increases. These results emphasize the importance of control of solar
gain if daylighting is to be successfully utilized to control peak demand.

The results described above also depend on installed lighting power density. When
the installed electric lighting is very efficient, daylighting without window
management requires a larger chiller than window management without daylighting.
("Window management" refers to operation of simple internal shading devices to
reduce solar gain.) When installed electric lighting power density is above 21.5
W/m2 (2.0 w/ftz), daylighting is generally beneficial in terms of chiller size.
Chiller size is approximately linearly dependent on electric 1lighting Tlevel
regardless of daylighting and window management, although the rate of increase
will vary with the conservation strategies utilized.

Peak electrical demand as a function of installed electric lighting power density
for "Albany" 1is shown in Fig. 4.14. Changes in installed 1lighting power are
assumed to represent hardware changes that increase or decrease luminous efficacy.
In a1l cases the illuminance design criterion remains 538 lux (50 fc}. For tne
nondaylighted cases, including a building having no windows, the relationsnip
between peak demand and electric lighting power is linear and the plots for dif-
ferent values of window area or shading coefficient are parallel. However, for
daylighted cases, the relationship between peak electric load and lighting power
density becomes more complex.

In "Albany" the three nondaylighted cases represent glazing areas of 0%, 21%, and
71%. These have essentially the same slope (see Fig. 4.14). The value includes
the cooling impact of 1lighting as well as the effect of operating schedules.
These schedules assume that 90% of the installed lighting power is operating dur-
ing most daytime hours. These values represent results for core and perimeter
zones combined. If we examine results from the perimeter zone alone, we find
that, at peak conditions with small windows (August 31, 3 pm), the electric light-
ing is operating at about 30% power. For large windows, the lighting is operating
at its lowest limit, 10% power. All the peak demands plotted in Fig. 4.14 (both
daylighted and nondaylighted) occurred between 3 and 5 pm on August 31. The fig-
ure shows that the daylighted case will always have a lower peak electric demand
than the equivalent nondaylighted case. However, if we compare the case of the
large window with daylighting to the small window without daylight, we find that
the large window/daylighted case has a lower peak electric demand only for light-
ing power densities above 1.5 w/ftz. As the electric lighting becomes more effi-
cient, peak demand is minimized by using smaller fenestration with good sun

4-13



control to minimize cooling load. Once again we find there are potential benefits
with daylighting but generalizations are dangerous without considering the effects
of all of the relevant building design parameters.

Monthly distribution of peak demand in New York City is shown in Fig. 4.15.
Monthly total electrical consumption is also indicated. In this case of small
glass area (WWR = 0.21) and high transmittance (effective aperture = 0.20), peak
demand rises dramatically during summer months when daylighting produces very sig-
nificant peak load-shaving benefits. With a much larger effective aperture of
0.55 (WWR = 0.71), as shown in Fig. 4.16, this summer peak pattern is repeated to
an even greater degree. Note, however, that while the effective aperture more
than doubles, the peak load savings with daylighting are only slightly improved,
indicating the rate of rise in cooling load due to increased solar gain exceeds
the rate of increase in daylighting benefits. This is consistent with results in
Fig. 4.13, which shows essentially no incremental improvement in peak savings for
effective apertures greater than 0.25. While total cost optimization constitutes
a complex issue requiring detailed study, daylighting as a design strategy offers
the potential for important peak load reductions to utility systems and to build-
ing owners.

SIMPLIFIED PERFORMANCE ANALYSIS

Analysis of data in the preceding figures provides insight into key performance
trends but makes evaluation of the impact of individual parameters difficult. We
therefore developed a simple set of predictive equations that incorporate key
fenestration variables. A large integrated data base was created from results of
DOE-2 runs, then a series of multiple regressions was undertaken to define coeffi-
cients for selected configuration variables that could accurately predict relative
energy use. Multiple regression is a statistical analysis procedure in which
relationships between different variables are established mathematically using a
least-squares approach. Generally, sets of independent variables are defined from
which a dependent variable is predicted.

In this analysis, distinct expressions were generated for cooling peak, cooling
energy, heating energy, and total electric requirements. Heating peak was not
considered in the study after initial results indicated that its value was a func-
tion of the startup load and thus could not be related to configuration parameters
in a meaningful way. The analysis of daylighting resulted in correction factors
to the lighting terms. The resulting regression expression for the perimeter zone
was of the form:
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bIUOAT + bzA SC+b

g 3KgAsh + DgAg (1)

where:
b's = solved for regression coefficients, for each zone
U0 = exterior envelope overall U-value (Btu/hr-ft-OF)
A; = exterior wall area (ftz)
Ag = window area (ft2)
SC = shading coefficient
Ae = floor area (ftz)
L = lighting wattage (W/ftz)
kd = correction factor due to day1ighting.

This form of the equation was used for each orientation for each of the energy
quantities studied. Its compact form and conveniently segregated terms permit a
qualitative as well as quantitative analysis of individual components contributing

ot zone energy use. Tables 4-10 and 4-11 present the regression coefficients and
certain relevant statistical variables to indicate the reliability of the fit for
New York and "Albany". Figures 4.17 to 4.22 present some of the data in graphic
form. Generally, the rz (square of the correlation between the predicted value
and actual value) values are on the order of 0.97 and above (an r2 value of 1.0
represents a perfect correlation), with the exception of the heating energy in the
perimeter =zones, which 1is wusually below this value. However, when heating
approaches the magnitude of cooling (this can be seen by observing the mean value
of the data), the rZ increases correspondingly. The skylight or rooftop envelope
portion of the analysis yielded a regression expression similar to Eq. (1), the

only difference being the lack of an orientation variation.

The daylighting correction to the 1ighting term of the basic equation was obtained
as a function of effective aperture. The effective aperture, which is a dimen-
sionless parameter, is defined as the product of window/wall ratio and visible
transmittance. For skylights this product is multiplied by the skylight well fac-
tor. The following expression was derived:
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= 2
kg = 1. - b5(E ) - b6(Ea) (2)

a
where:
kd = correction factor to the lighting
wattage due to daylighting
b's = regression coefficients
a = effective aperture.

This equation can be used for each of the energy quantities analyzed. The coeffi-
cients are presented in Tables 4-10 and 4-11.

Whole-building energy performance is necessary in determining building coincident
peak electrical load and peak load reductions due to daylighting. In order to
assess the energy performance for a whole building, Eq. (1) was rewritten in the
following form:

biquT + b2A SC+b

g 3(de + AC)L + b4(Ap + AC) (3)

P

where:
2)

total perimeter floor area (ft
core floor area (ftz).

The appropriate coefficients can also be found in Tables 4-10 and 4-11.

The statistical correlations presented in Tables 4-10 and 4-11 for the various
multiple regressions indicate that good predictions of DOE-2 results are obtained
by using Eq. (1). The form could be made more accurate by considering gquadratic
and cross-coupled independent variables of the input heat gain/loss components.
Generally, the more detailed the regression model, the better the predictive qual-
ity of the final equation. However, although large numbers of independent vari-
ables may be more accurate in a mathematical sense, their use is limited in a
practical sense. It should be kept in mind that the results of this study are
valid only within the range of variables parameterized. One should not expect to
be able to define a building's actual energy use from these results, but rather
should use them to estimate relative performance among alternative designs.
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COST IMPACTS

While energy savings from daylighting can be presented in many forms, the bottom
line to most building owners and managers is operating cost savings. Because
utility rate structures and energy costs vary as a function of source, season, and
demand, detailed analysis of cost savings is complex.

Using large commercial Consolidated Edison rate structures for October 1983 (see
Table 4-12) for Manhattan, both annual electricity and natural gas COS5ts were cal-
culated for the prototypical floor considered in this analysis, as well as for a
building consisting of 30 of these floors. Because of decreasing energy COsts
with rising consumption, the energy costs of the multi-floor configuration are
less than 30 times that of the single floor. Thirty floors were analyzed as a
case where the bottom (cheapest) energy step dominates. The typical cost savings
are about 27% or $0.40/ft2 of daylighted space or about 10% or $0.15/ft2 averaged
over the entire building. Figures 4.23 and 4.24 present total annual fuel and
electricity costs for a single floor and for the 30-story building. A typical U0
value (0.205 Btu/hr-ftz-oF) and a median electric lighting power density (1.7
W/ftz) are held constant. Note that over 60% of the total building floor area is
located in the core of the building and is thus not influenced by daylighting
strategies.

BUILDING APPLICATIONS
Background

As an example of daylighting's effects in a real building, the PSEG/Tishman build-
ing in Newark, NJ was modeled with DOE-2.1B using New York City WYEC weather data.
Three perimeter systems were compared: a constant-volume, variable-temperature
(CYVT) system as used in the generalized module case, a variable air volume (VAV)
system typical of those currently used, and a four-pipe induction unit (FPIU)
representative of systems installed in the mid-1960s. The formulation of regres-
sion correlations for the latter two systems is discussed. The significant
difference between results for the different system types leads to the conclusion
that system types greatly affect the energy impact of daylighting and that more
work is needed in this area.
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Building Description

The PSEG building is a 35-story, high-rise office building with its four sides
facing the four cardinal directions. There was no heat transfer assumed between
floors. Anomolies in the building, such as the building's computer room and
accompanying double-bundle chiller, were deleted. The interior ceiling height was
kept at 9 ft, the exterior wall height at 10.6 ft, and the perimeter zone depth at
11.5 ft. The north and south perimeter zones consist of 10 modules 11.5 ft wide;
the east and west of 10 modules 21.3 ft wide. The total perimeter area per floor

is 10,380 ft2 and the core area per floor is 14,145 ft2.

Daylighting control points were placed in the perimeter .zones 2.5 ft off the floor
midway between side walls, one-third and two-thirds of the way from the window to
the back wall. The daylighting control point farthest from the glazing governed
the electric lighting system modeled (continuous dimming). Continuous dimming and
no daylighting controls were compared. The lighting level was set at 50 fc, and
window management was not included in the analysis.

Parametric variations on window area, shading coefficient, and visible transmis-
sion were treated in the same way as in the previous work. Fluorescent lights
were also assumed to be evenly distributed. The electric 1ighting power density
varied between 0.7 and 2.7 w/ft2 for the VAV system and between 1.7 and 3.7 W/ft2
for the FPIU system.

HVAC Systems

Initial sensitivity runs revealed a significant difference in energy consumption
between different HVAC system types. To compare this building against results
from the prototypical module previously discussed, it was first modeled with a
constant-volume, variable-temperature system for each of the four perimeter zones
as used in the module parametric study. (Note that the other system types use one
system to serve all four perimeter zones.) The cooling and heating extraction
loads and peak cooling rates, as a function of effective aperture, were compared
to the previous regression results for spaces with both no daylighting and con-
tinuous dimming 1lighting controls. An electric power lighting density of 1.7
w/ft2 and an exterior wall U-value of 0.205, based on ASHRAE criteria, were held
constant throughout these runs (i.e., a full parametric series of runs was not
made with this system type). These results for annual heating and cooling loads
and for peak cooling extraction rates are detailed in Figs. 4.25 to 4.48. Agree-
ment between the DOE-2.1B results and the regression-predicted cooling energy and
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cooling peak is quite good. The slight difference is due mainly to differences in
space geometry. Heating energy differences are significant, yet differ only by a
constant. This was traced to a difference in infiltration losses resulting from
different building geometry.

Current (VAV) and 1965 (FPIU) System Results

The building was next modeled parametrically with two different system types. In
both these cases, heating and cooling schedules and set points, night cycle con-
trol, humidity control, and outside air requirements are consistent with the pre-
vious runs. VAV systems were used as an example of current building practice.
One system served the core and another served all four perimeter zones. A confi-
guration using a constant-volume reheat fancoil system'to serve the core zone and
a four-pipe induction unit to serve the perimeter zone was modeled to represent
the building's system as it would have been designed in 1965. Unlike the previous
system, the VAV system has an enthalpy control on the economiser and thus a higher
economiser limit of 70°F. variable parameters included exterior U-values (0.154,
0.205, 0.308 Btu/hr-ftz-oF), electric power lighting density (0.7, 1.7, and 2.7
W/ft2 for the current systems, and 1.7, 2.7, and 3.7 W/ft2 for the 1965 systems),
and lighting control type (none or continuous dimming).

The VAV system would normally include a perimeter baseboard heating system which
would increase in capacity with window area, assuming the exterior overall heat
transfer coefficient also increased with window area. In our analysis, overall
U-values are kept constant with area changes, and thus increasing window area does
not warrant perimeter heating. However, because the overall U-value was varied as
one of the regression variables, the effects of different U-values for the walls
and windows can be modeled using the regression equations.

Because the VAV system is intended to represent buildings in which daylighting
controls are not retrofit measures but were included in the design of the initial
building, the difference between daylighted and nondaylighted cases will inciude a
difference in plant equipment sizes. Thus, for the VAV system, for both daylighted
and nondaylighted cases, fan sizes, heating and cooling coil capacities, and plant
equipment can be sized by DOE-2. However, in the case of the buildings with 1965
systems, daylighting controls would be added as a retrofit. While supply air
guantities can be changed, it would be impractical to change fans, coils, and
plant equipment. Thus, the daylighting cases of the 1965 building are modeled on
DOE-2 with system fan and coil sizes and plant equipment sizes as would have been
installed in a 1965 nondaylighted building.
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Figures 4.29 and 4.30 show the perimeter heating and cooling extraction loads for
the constant-volume, variable-temperature (CVVT) system, the VAV (current) and the
FPIU (1965) system. Electric lighting power density and the overall exterior wall
heat transfer coefficient were held constant at 1.7 w/ft2 and 0.205 Btu/hr-ftZ—OF,
respectively. Cases without and with continuous dimming lighting controls were
considered.

Results for the FPIU system are substantially higher for both heating and cooling
over the full range of effective aperture for both daylighted and nondaylighted
cases. The CVVT and VAV results track each other well for cooling but show large
differences for heating, particularly at large values of effective aperture.
These results can be explained partly by the different design and operating
characteristics of each system. Based on these simufation results, it is clear
that currently designed HVAC systems have the potential to operate much more effi-
ciently than systems routinely specified 20 years ago. However, it is also impor-
tant to note that the details of HVAC system design, sizing, and operation can
greatly influence building energy performance and must be carefully considered as
part of any envelope design package.

Regression Coefficients

As with the module study, the results from many DOE-2 runs were compressed into a
more usable form through a regression procedure. The regression equation for
annual system cooling load, system hourly cooling peak, annual system heating
load, and annual total system load is of the same form as Eq. (1). Regression
coefficients for the PSEG building with VAV and FPIU systems are presented in
Table 4-13. These can be used to easily calculate the energy and cost impacts of
a range of envelope and fenestration alternatives.

SUMMARY AND RECOMMENDATIONS

Daylighting is a potentially important design and conservation strategy in non-
residential buildings. Results from an hour-by-hour simulation model that
accounts for daylighting impacts helps refine our understanding of this complex
subject. An extensive set of parametric analyses for a simple office module in
several climates suggests the following generalizations:

® Increasing window area and/or transmittance to increase daylighting savings
reaches an optimum point beyond which total energy consumption increases due
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to greater cooling loads.

® Control of solar gain is vital if daylighting strategies are to provide max-
imum net energy benefits.

e Managed windows without daylighting controls may require less energy than
unmanaged windows with daylighting.

hd Daylighting may not always be a "cooler" 1light source than fluorescent
1ighting--the conditions under which this statement holds true depend on the
details of window management and installed lighting power.

e Daylighting strategies provide peak demand management opportunities, but the
results depend on design and operating details. '

o Daylighted buildings may have lower total peak electrical demand, bDut may

require larger cooling systems than nondaylighted buildings with smaller win-
dows.

® Installed lighting power and lighting control system characteristics are
major factors in determining the real value of daylighting strategies.

® Most of the conclusions above are sensitive to climate, orientation, and
other building modeling assumptions.

e Strategies that minimize annual energy consumption may not minimize annual
operating costs, because operating costs often consist of two energy Sources
(fuel, electricity) and may include demand charges. In general, the differ-
ence between fuel costs and electricity/demand costs will tend to emphasize
lighting and cooling effects and de-emphasize heating.

While we believe that these results provide a useful perspective on this subject,
we remind the reader that there are still very few measured building data to ver-
ify simulation results. Changes in base-case conditions and operating assumptions
may also modify some conclusions.
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TABLE 4-1
ANNUAL PERCENTAGE OF TOTAL ELECTRIC LIGHTING ENERGY REQUIRED FOR 9.1-METER-DEEP

OFFICE SPACE 1IN NEW YORK CITY AS A FUNCTION OF GLAZING PROPERTIES (VISIBLE
TRANSMITTANCE AND WINDOW/WALL GLAZING RATIO).

Visible Transmittance, Ty

Iy 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Window/Wall
Ratio (WWR)

.l 100 97.9 96.5 944 92.3 90.8 89.4 B88.0 86.6 B85.2

-2 97.9 ©i.4 90.8 88.0 85,2 83.1 -8L.7 79.6 7B.2 76.8

3 $5.5 0.8 86.6 83.1 B81.0 78.2 76.1 V.6 73.2 72.5

4 94.A B88.0 83.1 79.6 76.8 74.6 73.2 72.5 71.8 7.1

5 $3.0 85.2 81.0 76.8 7Yi.6 72.5 71.8 71.1 70.4 70.1

6 90.8 @&3.1 78.2 74.6 72,5 71.8 71.1 70.3 69.9 69.7

.7 85.4 @81.0 76.1 73.2 71.8 71.1 70.2 69.9 69.6 69.4

-8 88.7 81.0 75.3 72.5 T1.1 70.4 70.0 69.7 69.5 69.4

9 gs.7 @1.0 75.3 72.5 T.1 70.4 70.0 695.7 6€9.5 69.4

1.0 r-.7 8.0 75.3 712.5 7.3 70.4 70.0 69.7 €9.5 €9.4
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TABLE 4-2
MONTHLY WEATHER DATA SUMMARY FOR ALBANY, NY.

HONTHLY MEATHER DATA SUYMARY
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JAN FEB RAR APR YAy JUN JUL
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toam 8.7 84,9 T1.2 6%.0 &%.3 12.8 5.8
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LorR 83.86 84,9 Ti.5 6l.5 12.7 80. 17 19.5
YEAR 1969 [TRY ALBANY, NEv YOR NONTHLY WEATHMER DATA SUMMARY
DESIGCH TEMPERATURES SURNER WINTER
PER CENT TipRY) TY(WET) TIDRY}
1.0 1} Te -1
2.% L1 T4 2
3.0 [ B} 13
MONTHLY AVERAGE TENPERATUNES AS A FUNCTION DF MOUR OF THE DAY
JAN FEB MAR APR NAY Jum AUG SEP
KOUR e ———— mm——
1] 1%.7 23.1 28.9 42.17 $C.1 80.6 63.7 56.2
[} 19.6 239 21.9 41.8 49.1 59.6 62.7 ss.1
2 19.2 2248 2T.2 40.6 48.2 58.7 e2.1 Seab
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10 2%.0 2%.0 32.3 30.9 $9.2 T0. 4 73.1 76,5, 68,8
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(13 26.9 30.9 3r.8 37.6 65.) T4 b T7.8 0.7 Tiab
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4-23

80.%

ocy
4%.0
43.8
43.0
AZ.4
sl.7
40.9
40.5
41.4
46.0
49,4
52.4
54.9
57.3
58.9
59.2
$9.5%
8.3
3%5.4
51.8
350.2
48.)
41.0
48.2
45.3

S$1%5.0
1.01

TIRE ZONE «
SEP ocry
61.0 49.1
Se.1 43.8
12.9 60.8
Ske2 37.0
196.9 306.6
120.3 373.9
45.8 239.9
32.1 3.3
12.3 3
3.9 O.
"’ 1
3 1 34
[} 0
[} 0
0 ]
o [}
S.4 &6
1.0 8.2
3.4 5.2
5.4 3.7
5.1 5.9
T.2 [ 1%}
86.8 T7.6
T6.8
56.3
60.9
L1 DEC
38.4 20.9
8.0 20.3
37.8 20.0
37.6 19.5
38.9 19.6
36,5 19.4
36,3 19.8
36.5 19.2
3r.2 19.8
38.9 21.7
40.8 3.8
42.3 25.6
43.3 26.4
44,1 27.3
44,0 2T. 4
43.7 27.1
43.1 25.9
41.3 24.5
40.6 23.8
39.9 23.3
39.5 23.0
39.2 22.4
38.3 2t.9
38.3 20.8
510.0 $304.0
1.01 1.01

%ov

39.7
3.1

435.7
33.1

759.4
609.4
460.3

.0
11

o
2

14
[}

8.8
7.3

41.9
3s.!

8.5

2.9
Bl.3
T10.4
82.48

YEAR
42.8
42.1
4l.4
40.%
40.4
40.0
40.8
42.2
48,2
46.7
49.1
51.2
82.7
53.9
56,6
S4.7
56,1
52.7
$0.9
48.3
45.7
45.5
4.9
43.6

DEC

22.4
21.3

28.9
15.2

1313.0
1158.0
1003.0

54
=19

0
23

28
3

.7

10.3
9.3

2%.0
21.2

Teb

3.6
90.7
18.9
81.0

YE

L 1]
42

S
3

7328
6005
4827

342
14
A7

88
147
&0
18



VEAR

JAN FEB AR APR wuy JUN UL
AVG. TEWP, (F) (ORYBULB) 19.8  20.0 32,9 A8.6 54,2 846 THO
AVG. TEMP. (F) IWETBULB} 183  18.5  30.8 A2.8 49.2 57.5 64.4
AVG. DAILY MAX. TEWP, 25.9  28.4 40.9 0.3 61,3 15,3 BA.s
AVG. DAILY WIN, TEWP, 13.1 9,2 235 M3 Aeeb 52.6  89.9 .
REATING DEC. DAYS (BASE 631 1402.0 1280.1 %93.8 S514.9 359,01 128.3 37.3
{BASE 60) 12647.0 1120.1 839,86 391.3 241.8 65.8 2.9
(BASE 3%} 1092.0 980.1 606.6 260.3 145.86 26.3 2.9
CODLING DEG. DAYS IBASE Y0} 0. 0. 0. 8.2 2.9 540 176.3
{BASE 15} 0. 0. 0. 2.1 .8 21.3  98.8
(BASE 00) 0. 0. [ 8 2 13 45 482
MAKINUR TEMP. - (1) LY} 7 [}] (1] [1] *%
MINIMUN TENP. -17 -14 -3, 22 27 43 (Y}
MO. DAYS MAX. %0 A¥D ABOVE [] [] [] [} [} [ [ ]
NO. DAYS MAX. 32 AND BELDW 15 16 3 ] [} [ ]
NO. DAYS WIN, 32 A¥D BELOW 28 27 28 13 . 0 °
HO. DAYS MIN. O AND BELDW 9 . 1 ] [} [} [}
AVG. WIND SPEED (NPH) ) s.0 9.6 10.7 11.35  10.3 9.0 [ 1)
AVG. WIND SPEED (DAY) 9.3 It.l 11,9 13.5 116 ROD.7 .7
AVG. WIND SPEED (MIGHT) 8.5 ..s 9.¢ 9.0 8.3 6.1 )
AVG. TENP, (DAY} 21,8  23.3 95,2  32.1  37.1 8.0 V6.9
AVGe VENP. (NIGHT) 18.6  17.7  30.9 44,2 49,5 58.2 6.9
AVG. SKY COVER (DAT) 6.8 [} 8.0 1.2 8.0 (%] 5.8
VG, REL. HUR. AT 48N £5.2  91.5  6%.% I18.2 &6, 86.7  B4.2
10AN 85.0 B84.9 82,0 64,9 T0.7 &e.)  6l.4
P 71.0  T1.T 897 52.5 51.2 51.8 49.9
Lopn 5.4  83.0 #1.0 69.5 Te.8 Ta,l  T0.6
YEAR 1574 TRY MADISON,W1 ' , MONTHLY WEATHER DATA SUMMARY
DESIGN TEMPERATURES SUMMER WINTER
PER CENT TIDAY] TAWET} TIDRY}
1.0 L1} T4 -10
2.5 87 73 -8
5.0 [} 7
MONTHLY AVERAGE TEWMPERATURES AS A FUNCTION OF HOUR OF THE DAY
T FEB AR arr nay Jum JuL AUG
HOUR e mmee seme  mme—  wmee seee  eeea  sem—
] 17.9  16.8 29.9 440 49.2 57.3  66.5 6l.5
1 18.0  16.9 29.8 43,0 . 48.6 35.9  45.2 0.3
2 18.3 16,0 29.%4 42,1 8.0 55.8  s4.1  89.0
3 18,3 1S.1  2B.6  SL.T  AT.5 35.2 &3.1  St.?
4 18.2 14,8 28.5  41.5  AT.1 36,4  62.3 ST.6
] 17,6 14.6 28.3  Al.1l 48,9 54,6 52.2 56.9
. 17.3 16,2 27.9 4l1.2 48.7 58.0 65.8 58,2
14 17.2  14.5 28,6 43,9 S51.3  62.2 69.6 42.9
[} 17.0 16.0 30.4 46.6 53,0 65.2 V2.6 a6.b
9 18.5 19.0 32.0 &9.0 55,1 67.4 75.5 69.5
10 20,0  21.8  33.9 Sl.6 S57.4  69.2 T8.1 721
1 21.4 23.9 36,2 S3.1  59.1 TL.0 79,7 71.4
12 22.6 254 37.6 54,8  60.6 T2.1 Bl.2 14023
13 23.5  26.4 38.7 5.0 61.) T2.7 BL.9 715.7
) 28,3 26,9  39.2 56,7 62.0 13.1 §2.8 T&.5
© 1 26,3 26.6  39.0  56.9 42.3 73,9 83.0 Te.3
16 23.5 26.0 8.7 ST.1 &0.8 73.0 82.5 5.8
17 21.7  24.5 37.1 56,1 &0.& T2,0 Bl.l T75.0
1 20,5 22.3  35.4 53.9 5B.9 T0.3 79.3 T12.7
19 19.6 21.2 34.0 50.3 56.2 67.8 Te.l 6.2
20 19.2  20.2 33,3 47.9 534  064.0 72.9 66.0
21 18.6  19.7 32,3  &6.7  82.0 1.3 TO.5 eh.b
22 18.6  19.1 31,3 65.9  50.% 0.1 #9.1 2.9
23 18.6 18,3 30.9 44,8  49.7  50.8  &f.T el 52.3
GROUND TEMPERATURES $01.0 498.0 499.0 3503.0 509.0 S16.0 $21.0 $523.0 522.0
1.00 1,00 1.00 1.00 1.00 1.00

MONTHLY WEATHER

19764  YRY RADISON,¥1

LATITUOE = 43.10

TABLE 4-3
DATA SUMMARY FOR MADISON, WI.

FONTHLY HEAINEI.DIII SUHRARY

LONGITUDE = £9.30

CLEARNESS WUMBERS 1.00 1.00 1.00

4-24

AUG

68.9
s1.3

0.2
35.3

88.9%
38.5
12.5

70.1
27.3
8.1

9.4
5.3

1.0
1.3

T3

93.4
T1.0
56.6
82.9

319.0
1.00

TIRE ZONE »
SEP  OCT
s7.6  90.9
51,4 43.2
70.0 621
43.2  39.2
270,31 430.8
1041 328.0
109.9 21746
240 33
9.6 ath
2.5 0.
113 19
26 22
o [
0 o
2 )
o 0
8.6 8.8
10.0  10.3
Tl 6.8
6.9 53.3
52,3 41,0
s.0 8.7
5.0 0.1
64.0  b4.4
a1 an.b
6.9 T2.4
MOV DEC
35,7 26.2
34,9 25.9
363 25.5
3.1 2%.0
33,5 24.%
33,0 24.1
33,3 2¢.0
33.0 243
34,5 24.4
36.8 25.9
se.8  27.%
s0.6 28,9
41.9  30.1
3.2 0.8
3T 3.4
435 3.4
€2.0  30.5
39.7  20.8
6.6  28.0
¢ 3.S 1.7
6.4 21.2
5.8 26.8
5.5 26.6
35.5  26.3
$12.0 9306.0
1.00 1.00

novY

31.9
n.T

4",
29.9

DEC

21.2
26.1

32.8
21.2

831.3 1172.9
684,2 1017.9

53%9.5

10
17

[}
4

20
9

10.1
1.9

40.2
5.1

Tel

ar.r
83,3
54,8
82.7

YEAR
42.1
4l.4
40.8
40.2
39.8
39.4
40.2
42.1
44,4
46.9
49.1
50.8
52.3
53.3
54.0
54.0
53.2
51.8
49.7
&71.5
45.6
6.4
43.5%
42.8

862.9

41
7

0
13

27
0

T.8

8.4
Tat

20.9
26.1

91.5
91.2
79.8
89.%6

31
(18]
49!

3
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IABLE 4-1U

REGRESSION COEFFICIENTS FOR NEW YORK FOR ZONE HEATING ENERGY, ZONE COOLING ENERGY,
ZONE COOLING PEAK, ZONE TOTAL ELECTRICITY ZONE TOTAL ANNUAL ENERGY, BUILDING ELEC-
TRICITY, BUILDING PEAK ELECTRIC DEMAND, AND BUILDING TOTAL FUEL2 THE "BUILDING"
FIGURES APPLY TO A TYEICAL FLOOR MODULE WITH A CORE OF 10,000 FT® AND FOUR PERIME-
TER ZONES OF 1500 FT“ EACH. VERTICAL GLAZING AND SKYLIGHT COEFFICIENTS CAN BE
USED WITH EQ. 1; THE DAYLIGHT CORRECTION FACTORS APPLY TO EQ. 2.

NOTE: FOR COEFFICIENTS PROVIDED IN TABLES 4-10 AND 4-11 THE FOLLOWING UNITS ARE
APPLICABLE TO THE REGRESSION EQUATIONS:

COOLING PEAK: BTU/HR
COOLING, HEATING AND ELECTRICITY ENERGY: KBTU

2.0
UO: BTH/HR-FT - F
At’ Ag,Ap,Ac: ft 2
L: W/ft
MEAN (COOLING PEAK): KBTU/hr
MEAN (COOLING/HEATING ENERGY): . MBTU
NEW YORK PERIMETER VERTICAL GLAZING
Zone Zone Zone Zone Zone Building Building Building
Heating-Annual| Cooling-Annual Cooling Total Total Site Site Site
(Efficiency=.6) (COP = 3.0) Peak-Annual | Electricity | Energy-Annual Electricity|Electricity|Fuel
(COP = 3.0) | (COP = 3.0) | (COP = 3.0) Total Peak Total
Heating Eff.=.6)
b (U A_) N{ 108.42 -1.21 6.50 18.501 126.94 - - -
17T gl 77.63 -0.0029 B.18 10.075 87.72 - - -
E| B3.69 1.12 13.21 18.283 101.99 - - -
Wi 100.84 -0.77 9.12 12.969 113.83 - -- -
Module - - - - - 24.87 8.88 121.62
bZ(A SC) N| -27.35 16.04 20.15 21.516 -5.84 - - -
g s{ -50.82 26.17 56.21 41.931 ~8.90 - -- -
E| —46.08 29.48 61.10 46.230 0.14 - - -
Wl -38.75 22.50 46.11 34.818 -3.94 -— - -—
Module . . . . . 47.17 26.53 -48.61
b3(AfLP) N| -4.54 1.36 0.95 9.947 5.40 - - -
st -3.12 1.39 0.92 10.287 7.17 - - -
Ef -3.45 1.37 0.74 9.939 6.49 - - —
W] -4.06 1.39 0.89 10.169 6.11 - -- -
Module - - - - - 10.30 3.95 ~3.17
bA(Af) 19.68 1.38 3.51 9.667 29.35 - - -
Module - . . -— \ - 12.40 5.67 16.64
Mean 34.782 10.666 16.337 51.956 86.74 545.358 | 230.550 262.746
R2 0.972 0.985 0.980 0.981 0.939 0.995 0.998 0.971
o 1.992 . 0.580 0.803 1.995 2,958 10.275 2.727 11.067
2
- Wi b, (Ea) N 4.17 b, (Ea")¥ -7.36
Daylight Correction Factor - Windows 5 ) S 5 61 6 S ~12.74
E 4.85 E -10.01
W 4.68 W -9.02
. All Zones 4.83 All Zomes ~9.79
HORIZONTAL SKYLIGHTS
bl(L'OAT) 93.53 0.11 6.74 - - 20.14 7.55 83.56
b, (8,50 -56.18 54.59 67.22 - - 48.25 50.94 -49.33
by(agly) 1.89 1.24 1.02 -- - 10.31 3.88 -2.038
by lag) 15.64 1.55 2.98 - - 13.01 5.62 14.33
Mean 194.419 46.248 €5.065 - - 333.20 137.90 176.10
RZ 0.989 0.999 0.999 -= - 0.9994 0.9998 0.9760
o 4.861 0.416 0.394 == - 2.176 0.4292 4.654
Daylight Correction Factor - Skylights by (Ea) 44.66 be (Eaz) -731.12
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TABLE 4-11

REGRESSION COEFFICIENTS FOR ALBANY FOR ZONE HEATING ENERGY, ZONE COOLING ENERGY,
ZONE COOLING PEAK, ZONE TOTAL ELECTRICITY ZONE TOTAL ANNUAL ENERGY, BUILDING ELEC-
TRICITY, BUILDING PEAK ELECTRIC DEMAND, AND BUILDING TOTAL FUELZ THE "BUILDING"
FIGURES APPLY TO A TYEICAL FLOOR MOULE WITH A CORE OF 10,000 FT® AND FOUR PERIME-
TER ZONES OF 1500 FT“ EACH. VERTICAL GLAZING AND SKYLIGHT COEFFICIENTS CAN BE
USED WITH EQ. 1; THE DAYLIGHT CORRECTION FACTORS APPLY TO EQ. 2.
ALBANY
PERIMETER ZONE VERTICAL GLAZING

Zone Zone Zone Zone Zone Building Building Building
Heating-Annual Cooling~Annual Cooling Total Total Site Site Site
(Efficiency=.6)] (COP = 3.0) Peak-Annual Electricity] Energy~Annual Electricity|Electricity|Fuel
(Cor = 3.0) (COP = 3.0)| (COP = 3,0) Total Peak Total
(Heating Eff.=.6)
bl(UOAT) N 167.450 -3.000 4.069 24,654 192.137 - - -
S 126.688 -1.943 7.548 14.093 140.806 — - _
E 146.752 -2.214 9.061 19.362 166.144 -— -— _—
W 152.100 -2.722 7.822 18.217 170.350 - - -
Module — - - -— -— 30.143 7.074 187.765
SZ(A SC) N ~31.733 13.855 13.779 11.925 ~19.814 — — _—
g S ~56.220 24,061 28.873 30.798 -25.433 - - -—
E -48.660 23.569 27.391 31.345 -17.325 -— . -—
w ~50.465 24.466 29.998 36.375 -14.100 - — _—
Module - - - - - 36.413 21.333 ~59.370
b3(AfL }N -5.403 1.159 1.058 9.713 4.309 -— - j—
P g -3.948 1.207 1.028 10.050 6.100 _— - -
E ~4.565 1.199 0.981 9.826 5.260 - -— _
W -4,597 1.192 1.000 9.794 5.197 - —-— —_—
Module - -— - _— _— 10.160 4.034 -3.436
bA(Af) 19.118 1.311 3.605 9.422 28.543 - - —
Module - - - - —_— 12105 5.670 15,511
Mean 38.258 8.829 14.995 49.336 87.603 527.539 262.572 262.993
R2 0.975 0.986 0.981 0.984 0.942 0.995 0.998 0.973
o] 2.362 0.504 0.678 1.737 3.402 9.747 2.300 12.951
Daylight Correction Factor - Windows
b5 (Ea) N 4.805
S 5.843
E 5.301
W 5.274
All Zones 5.306
b6 (Eaz)N -8.710
S -13.033
E -10.780
W -10.627
All Zones -10.788
HORIZONTAL SKYLIGHTS
b, (U A7) 166.382 ~1.543 9.195 - - 25.640 6.249 151.300
by (8,50) -69.485 56.404 75.925 - — 43.340 60.520 -64.3%0
b3(Apr) -2,525 1.053 1.077 -— - 10.080 3.925 -2.395
bb(Af) 13.652 1.277 2.729 - -— 13.020 5.689 12.880
Mean 180.158 39.624 64.338 - - 324.400 137.900 166. 600
2
0.

R 0.982 0.999 999 - - 0.9995 0.9999 0.9778
o 5.158 0.411 0.447 i . 1.989 401 5.258
Daylight Correction Factor - Skylights
b5 (Ea) 48,468
b, (Ea’) -800.387
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TYPICAL ELECTRICITY RATES FOR NEW YORK CITY.

B

Current
Electricity
Rates

Service Classification No. 9 (Electric)

General/Large

EHfective September 23, 1983

Monthly Rate (WINTER)

Demand Charge Low Tension  High Tensian
Service ervice

First Skw (orLess) .. $7614 $64 72

NextB95kw .. ...... $1664 perkw  $14 14 perkw

Over 300kw . ....... $1446perkw  $12 29 per kw

Energy Charge LowTension  High Tension
Service ervice

First 15000 kwhr . 7.13¢ perkwhr 6 63¢ per kwhr

Over 15.000 kwhr. . 6.74¢ perkwhr  6.27¢ perkwnr

Monthly Rate (SUMMER)

Demand Charge LowTension  High Tension
Service ervice

First Skw (orLess) . $98.64 $87 22

Next 895 kw $21 14 perkw  $18 64 perkw

Over 900 kw . $1896 perkw  $16 79 per kw

Energy Charge Low Tension High Tension
Service rvice

First 15,000 kwhr . 7.13¢ perkwhr 6 63¢ per kwhr

Over 15.000 kwhr 6.74¢ perkwhr € 27¢ perkwhr

Winter and Summer Billing Periods

The summer period is defined as the
four-month period from June 1to Septem-
ber 30. The winter billing period is the
balance of the year. When a bill includes
periods both before and after the summer
billing pericd, the rates and charges ap-
plicable will be prorated based on the
number of days in the winter billing period
and the number of days in the summer
billing period related to the total number
of days in the billing period.

See SPECIAL PROVISION D which ap-
plies to customers whose space heating
requirements are supplied exclusively by
electricity.

Maximum Rats

Whenever the application of the fore-
going demand and energy charges to
the customer's use in a given monthly
period results in a rate per kwhr in excess
of 34.70 cents, an amount equal to 34.70
cents per kwhr will be bilied in lieu thereof,
except where such 34.70 cents rate
would result in a reduction in the minimum
charge otherwise applicable.

Fuel Adjustment

As the cost of fuel we use to produce
electricity changes, your bill is adjusted
accordingly. The factor, expressed as ¢
per kwhr, and the amount of the fuel ad-
justmentincluded in the total charges are
shown on the face of the bill.
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Gross Receipts Tax Charge*

We are taxed on our revenues from the
sales of electricity. Your bill includes a
charge computed at the rate in your com-
munity as shown below.

Yonkers. .. .. (NY State 3.75%;

Yonkers 3%)............... ..., 6.75%
New York City. .. .. (NY State 3.75%;
New York City 2.35%) ........... 6.10%
The cities of Mount Vernon,

New Rochelle, Peekskill, Rye and White
Plains; the villages of Ardsley, Bronxville,
Croton-on-Hudson, Dobbs Ferry,
Elmsford, Hastings-on-Hudson,
Irvington, Larchmont, Mamaroneck,
Mount Kisco, North Tarrytown, Ossining,
Pelham, Peiham Manor, Pleasantville,
Port Chester, Rye Brook, Scarsdale,
Tarrytown, Tuckahoe . . . .. (NY State
3.75%; local1%) ............... 4.75%
All other Westchester municipalities do
not impose a local tax and are subject
only to the New York State rate ... 3.75%

*Effective April 1, 1983, gross receipts tax
totals increased by 0.68 percent for the
MTA surcharge to support mass transit.

Sales Tax

We are required to collect any applica-
ble sales taxes, and these taxes are
added to your bill.

Partial Sales Tax Exemptions
for Some Commercial Customers

New York State and some localities in
Westchester exempt residential energy
use from sales taxes. Residential custom-
ers automatically qualify for such an ex-
emption and are billed accordingly by us.
in addition, certain commercial custom-
ers who use a portion of their service for
residential purposes may be eligible for a
reduced tax based on the percentage of
residential use. In order to qualify. an Ex-
emption Certificate (Form TP-385), which
also explains the necessary qualifica-
tions, must be completed and submitted
to Con Edison. You may obtain this certifi-
cate by contacting any New York State
District Tax Office or from the main office
of the Sales Tax Bureau, State Campus,
Albany, New York 12227.

Minimum Monthly Charge—
Low Tension

For 5 kw of demand, $76.14 during the
winter period; $98.64 during the summer
period, plus adjustments related to our
fuel costs and the taxes as discussed
above.

Minimum Monthly Charge—
High Tension

For 5 kw of demand, $64.72 during the
winter period; $87.22 during the summer
period, plus adjustments related to our
fuel costs and the taxes as discussed
above.



TABLE 4-13

REGRESSION COEFFICIENTS FOR PSEG BUILDING WITh VAV AND FPIU SYSTEMS FOR ANNUAL
HEATING ENERGY, ANNUAL COOLING ENERGY, PEAK COOLING LOAD, ANNUAL ELECTRICITY CON-
SUMPTION, AND TOTAL ANNUAL ENERGY USE. THE DAYLIGHT CORRECTION FACTORS CAN BE

USED FOR BOTH SYSTEMS.

NEW YORK - PSEG/ BUILDING WITH VAV SYSTEMS

REGRESSION COEFFICIENTS

Building
Building Building Building Building Site
Heating— Cooling- Cooling Peak- Total Elec.-| Total Energy
Annual Annual Annual Annual COP = 3.0
( Heat eff. = .6) (COP = 3.0)) ( COP = 3.0) ( COP = 3.0 )[Eeat eff. ™ +6)
by (U Ap 138.923 3.596 5.309 14.417 153.368
b, (AgSC) 7.048 22.826 37.075 44.116 51.166
by (Apr) -6.970 0.574 0.776 .922 -6.049
b, (Af) 15.003 1.781 3.375 3.338 18.344
Mean 29,987.74 1930.204 3160.072 4005.286 12,419.411
Rz 0.986 0.981 0.974 0.970 0.956
o 1147.04 109.084 204 .002 265.800 660.175
DAYLIGHTING CORRECTION FACTOR
REGRESSION COEFFICIENTS
bg (Egz) = 4.58
bg (Eg2) = -7.298
NEW YORK - PSEG/ BUILDING WITH FPIU SYSTEMS
REGRESSION COEFFICIENTS
) Buildin
Building Building Building Building Site 8
Heating- Cooling~- Cooling Peak-| Total Elec.~| Total
Annual Annual Annual Annual COP = 3,0
(Beat eff. = .6) (COP = 3.0) (COP = 3.0) (COP = 3,0) (Heat eff* .6)
bl (UoAj) 312.990 15.985 16.444 103.641 416.693
b2 (AgSC) -125.842 25.096 17.150 20.070 -105.797
b3 (Apr) ~10.808 0.485 0.302 ~1.061 -11.871
bl» (Af ) 59.122 6.512 7.303 28.980 88.113
Mean 18,665.43 4009.55 3759.20 13187.84 31,857.0
2
R 0.985 0.901 0.963 0.926 0.974
o 843,986 299.936 126.033 488.614 1273.743
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Changes in annual zone load components as a function of effectiv
aperture,,south zone, "Albany", with installed lighting power density of 18.3 W/m
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MONTHLY ELECTRIC PEAK-KW- AND CONSUMPTION-MWH
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Figure 4-15. Monthly peak electric demand and electricity consumption with Qnd
without daylight controls for an office module in New York City (}6,000 fto).
Effective aperture = 0.20, installed lighting power density = 1.7 W/ fto.
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Figure 4-17. Effect of daylighting on north zone (1500 ft2) electricity consump-
tion vs. effective aperture and lighting power density.
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Figure 4-18. Effect of daylighting on south zone (1500 ftZ) electricity consump-
tion vs. effective aperture and lighting power density.
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annual heating system efficiency = 0.6, U0 = 0.205 Btu/hr-ft°-OF,
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Figure 4-21. Effect of daylighting on electricity consumption for one floor

(16,000 ft°) vs. effective aperture and lighting power density.
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Figure 4-24. Total annual flectricity and gas costs for a prototypical 30-story
office building (480,000 ft®) in New York City, comparing continuous dimming to a
building without daylight controls. (Lighting power density = 1.7 w/ftz.)
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Figure 4-25. Heating and cooling loads (extraction loads) vs. effective aperture,
comparing PSEG building simulation results to predictions from the regression
model for a constant-volume, variable-temperature system. Results shown for per-
imeter zones on one floor with no daylight controls.
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Figure 4-26. Heating and cooling loads (extraction loads) vs. effective aperture,
comparing PSEG building simulation results to predictions from the regression
model for a constant-volume, variable-temperature system. Results shown for per-
imeter zones on one floor with continuous dimming daylight controls.
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Figure 4-27. Peak cooling extraction .rate vs. effective aperture, comparing PSEG
building simulation results to predictions from the regression model for a
constant-volume, variable-temperature system. Results shown for north and south
perimeter zones on one floor with no daylight controls.
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Figure 4-28. Peak cooling extraction rate vs. effective aperture, comparing PSEG
building simulation results to predictions from the regression model for a
constant-volume, variable-temperature system. Results shown for north and south
perimeter zones on one floor with continuous dimming daylight controls.
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Figure 4-29. Heating and cooling loads (extraction loads) vs. effective aperture,
without daylight controls, comparing PSEG building resu]té for three, different

HVAC system configurations (perimeter zones only, 7,520 ft°; 1.7 N/ft2 lighting
power).
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Figure 4-30. Heating and cooling loads (extraction loads) vs. effective aperture,
with continuous dimming daylight controls, comparing PSEG building resu1§s for
threﬁ different HVAC system configurations (perimeter zones only, 7,520 ft°; 1.7
W/ft" lighting power).
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Section 5
THE INTEGRATION OF DAYLIGHT AND ELECTRIC LIGHT IN BUILDINGS

INTRODUCTION

Integration of daylight and electric light in buildings during daytime hours can
be described as a holistic design issue for the visual environment. In this pro-
cess the merits and deficiencies of both daylight and electric 1light are con-
sidered in order to arrive at the optimal design for a specific project. This
optimal solution depends on the type of building, activity patterns in it, and
local environmental factors. Simultaneous utilization of daylight and electric
1ight during daytime, if not closely coordinated during the design process, seldom
achieves optimal results.

Hopkinson developed one of the first formal concepts of integration, known as Per-
manent Supplementary Artificial Lighting of Interiors (PSALI) (1,2). Recommenda-
tions based on PSALI were later made by the British Illuminating Engineering
Society (3).

The original PSALI concept of the late 1940s was based on conditions that no
longer exist. At that time the recommended illuminance for school classrooms was
15 footcandles (fc) or about 160 lux, and for offices 20 fc or about 215 lux. It
was clear that in deep interiors, available daylight produced a harsh contrast
between interior background surfaces and the bright sky visible through the win-
dows, thus affecting the adaptation of the eye. As a result, glare was unavoid-
able when looking from the depth of the room at the windows on the one hand, and a
gloomy appearance was created at the back of the room.

The simplest way to counteract the gloom and reduce contrasts was to switch on the
electric lighting. However, the established levels of that time (160-215 1Tux)
proved inadequate, so higher levels were recommended for daytime electric lighting
at the depth of the room than were recommended for nighttime hours. Furthermore,
the higher the daylight level in the room, the higher the electric illuminance had
to be.

One of the basic requirements of PSALI was that daylight should be the major light
source, would be supplemented by electric Tight in the deeper parts of the inte-
rior, and should have spectral properties as similar as possible to daylight.
Less clearly defined in the original PSALI concept were the directional require-
ments of the integrated lighting system.
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Since then, recommended illuminance levels have increased, and deeper and larger
buildings have been built, requiring extension of the integration concept.
Ne'eman (4) and later Ne'eman and Longmore (5) and others suggested that the scope
of integration should be widened to include various types of buildings, and PSALI
should become one of several types of integration. In a paper entitled "The Suc-
cessor to PSALI" (6), Collins suggested that IDAL--Integration of Daylight siu
Artificial Light--should succeed PSALI.

We will summarize the development of concepts of integrating daylight and electric
light in view of modern trends in architecture and the growing awareness of energy
conservation and suggest several areas where new research is needed.

Proper understanding of the integration process is of utmost importance for
planners 1in countries where the design of the visual environment has involved
extremes. Windowless buildings with no access to daylight or view on the one
hand, and overglazed buildings with tremendous energy and glare problems on the
other, have been common design fashions for more than half a century.

DESIGN OBJECTIVES

The design objectives of the early integration method (PSALI), were intended
mainly to improve the visual environment by adding electric light to available
daylight. Later, the importance of the view out through windows was recognized as
an inseparable part of an integrated design. The window came to be considered not
solely as a source of natural light, but also as a means of visual communication
through which valuable information is obtained. As a result, the evolution of the
integration concept has reduced reliance on the dominance of daylight.

The design objectives have been transformed into the provision of task, or func-
tional, illuminances by electric sources, while daylight is assumed to provide the
ambient or background illuminance as well as the subjective requirements for a
view and contact with the outside. These reguirements influence acceptable window
size, as discussed in detail later.

Energy considerations were not ignored by the early integration methods. However,
energy savings and cost-effectiveness became major features in daylight integra-
tion only during the 1970s, due to the energy crisis.

The motto of integration at present should be: utilize daylight to the maximum
possible extent, and use electric light minimally. However, human performance and
well-being should not be sacrificed. Although well-being, energy savings, and
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Towest overall cost do not necessarily achieve their optimums simultaneously, we
believe that basic human needs should always be met.

The dilemma between maximum energy savings and optimal overall costs is a serious
one in daylight design. Oversized windows in some cases can minimize the use of
electricity for lighting. Because of increased requirements for heating and cool-
ing, however, the overall operating costs of buiiding management may be higher
than with a solution based on an integrated scheme. In our opinion the design
objectives should seek a solution in which minimal overall costs are obtained with
the greatest possible energy savings, visual performance, and well-being. The
logic behind these design objectives is that buildings last a long time, while
energy costs are unpredictable (although it seems unlikely that electricity costs
would fall substantially in the foreseeable future). It is possible that they
could fall on a short-term basis. The average rate of increase, however, is sub-
ject to Tlarge uncertainty. Furthermore, the value of occupant productivity
currently exceeds the energy costs (and always will), so that any solution that
maximizes energy savings but reduces productivity will be counterproductive.

Current design objectives can be divided into the major categories described
below.

Human Performance and Well-Being

This category primarily concerns the visual environment, including visual perfor-
mance and well-being. Thermal and acoustical comfort should not be overlooked,
however.

The quality of the visual environment generally depends on adequate illuminance
for visual activity, limitation of glare, and subjective considerations such as
avoiding a gloomy interior, achieving a color scheme, and providing an acceptable
size and shape of windows to maintain contact with the outside world. Daylight
admitted through windows 1is also considered essential for photobiological
processes, such as controlling the physiological biorhythyms and stimulating meta-
bolic functions.

Effective Energy Management

The total energy balance should be examined in terms of optimal energy efficiency.
Regarding daylight admission, the energy balance of heat gains and losses due to
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solar radiation, conduction, and air leaks should be evaluated. For electric
1ight, overall system efficacy, not only lamp efficacy, should be considerated.
Designs that minimize peak electric loads as well as total annual energy consump-
tion are more desirable.

Cost-Effectiveness

The overall cost mentioned above should include depreciation and interést on the
investment as well as the operating costs for fenestration, shading, and the elec-
tric 1ighting system. The value of occupant productivity may also be included in
this analysis.

Dynamic Controls

Fixed or static shading systems are almost always less efficient than operable
systems. For exampie, fixed shading devices unnecessarily reduce the amount of
daylight indoors even when the sun is not shining on them. As a result, more
electric light will have to be used than with adjustable or operable shades.
Similarly, any large electric light system that is controlled by a single master
switch will tend to use more energy than justified by functional needs. Again,
the more controllable the system is, the higher the energy-saving potential.

The highest degree of flexibility is obtained by an integrated control system that
monitors the electric 1lighting and shading systems simultaneously for maximum
utilization of daylight and minimum consumption of electricity for lighting and
cooling.

THE WINDOW IN THE INTEGRATED SYSTEM

The role of windows was mentioned earlier. In addition to admitting light and
providing ventilation in non-air-conditioned buildings, windows have a subjective
psychological role, providing visual contact with the outside, as described Dy
Marcus (7), Ne'eman and Hopkinson (8), Keighley (9), and Seidl (10).

In their study on critical minimum acceptable window size, Ne'eman and Hopkinson
(§) suggested that satisfaction with a window depends on the information conveyed
by the view. It was shown that in working interiors, satisfaction with window
width increases until the window reaches about 30% of the window wall width, pro-
vided the window is located within a horizontal angle of about 60°.



It was also shown that whenever the view provides 1little information, such as a
view of the sky through high-up vertical windows or through rooflights
(skylights), the windows are perceived merely as sources of daylight and have 1it-
tle psychological-subjective significance as sources of meaningful visual contact
and relief from the sense of enclosure. It is interesting to note that satisfac-
tion with a space that has windows does not necessarily imply that the view out
will be available to every occupant in every place or work station. Most people
are satisfied if they know they have the option of looking out, if they wish to,
by turning their heads or by standing up.

The choice of sill and window height is also related to the view content. The
lower part of the window provides more information than the upper part. Thus
relatively wide and lower windows are more satisfactory from a subjective point of
view. However, higher windows are more efficient in admitting daylight to the
deeper parts of the interior. We see that by specifying the glazed area of fenes-
tration, we do not necessarily meet the weli-being requirements for the minimal
window opening. Thus, it is recommended that the above-suggested minimum width of
the window(s) be applied to any size and shape of openings on vertical walls.

A simple way of specifying window size and area is recommended as a standard in
Germany--see Seidl (10) and Krochmann (11). It is suggested there that a daylight
factor of 0.9% at half the depth of a room, near the side wall, can provide suffi-
cient brightness in winter for at least two hours at noontime. In addition, a
minimum window area of 30% of the window wall is required for subjective well-
being, and a window height of 1.2 m is considered optimal.

It should be stressed that fully glazed exterior walls (floor to ceiling) do not
bring any subjective advantage, in addition to creating thermal deficiencies and
glare problems. In some cases such a solution may lead occupants to complain of
lack of privacy and personal security.

In our opinion, the final choice of window area should be left to the designer,
although energy and safety codes may impose some constraints. For working interi-
ors, the minimum width should always be provided. Beyond that, the size of the
glazed area should be dictated by the design objectives discussed above. In dwel-
lings, even more emphasis should be given to subjective-psychological considera-
tions. This is particularly true in cb]d climates, where short periods of winter
daylight and frequent overcast suggest the need for good daylight exposure.
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DAYLIGHT PENETRATION AND RELATIONSHIP TO ELECTRIC LIGHT

It is well known that in interiors where daylight comes through the windows on one
wall, illuminance near the windows is relatively high. It falls rapidly the
farther we move from the windows. The actual illuminance depends on the available
daylight outdoors, external obstructions, and internal reflectances. The depth to
which daylight can provide the required illuminance also depends on the activity
pattern. An interesting investigation was carried out by Matsuura on the
"Turning-off Line in Perimeter Areas for Saving Lighting Energy 1in Side-Lit
Offices"(12). He suggested (ividing the electric lighting installation into two
parts. The lighting at the depth of the room does not interact with daylight and
remains on throughout the working day. The perimeter area lighting can be
switched off during daytime hours if conditions allow. The depth of this perime-
ter zone can be determined with the aid of nomograms proposed by Matsuura.

Switching off the lighting in the area close to windows can be performed by the
simplest manual on-off operation. More recently, other solutions have been intro-
duced. Groups of 1luminaires can be connected to photoelectric sensors that
automatically control the on-off switching according to the distance from windows.
The most sophisticated system involves the automatic dimming of the electric
lighting in all the parts of a building that can utilize daylight. Control stra-
tegies are discussed in detail elsewhere in this report.

Obviously, the more sophisticated the 1lighting system, the more expensive it
becomes. As mentioned before, the economical feasibility and pay-back time snould
be examined in addition to energy savings. In many cases the simpler solutions of
automatic on-off switching may prove to be more cost-effective. However, a proper
evaluation of each control technology should include all costs and benefits.

It is worth mentioning that for maximum energy saving the most efficient lamps and
ballasts should be used, and regular cleaning, maintenance, and relamping should
be carried out.

DAYLIGHT GLARE

Visual comfort is one of the most important criteria in lighting design; however,
it cannot be achieved in the presence of glare. Light sources of any kind natur-
ally present the brightest surface to' the field of view, where they create the
most intense glare. Generally speaking, the degree of glare depends on the lumi-
nance of the source and its background and on the size of the source and its loca-
tion in relation to the direction of view.
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The sources of daylight glare are direct sunlight and bright sky as seen through
daylight-admitting openings. Direct sunlight must always be controlled to avoid
intolerable glare. On bright days the sky may cause quite severe discomfort
glare. In particular, if light is admitted through windows that are located at
eye level, these windows are likely to be in the occupants' major directions of
view. Furthermore, windows are larger than luminaires so that the distinction
between the glare source and its background as perceived by the retina of the eye
is not clearly definable. As a result, daylight glare cannot be evaluated by the
same calculation procedures as the glare from electric luminaires.

In a recent paper on the state of the art in daylight glare, Collins et al. (13)
indicated that laboratory experiments have shown reasonable correlation with pred-
ictions by the Hopkinson-Cornell 1large-source glare formula. They also show that
if the window area is greater than about 2% of the floor area of the room, window
size has relatively 1little effect on the glare perceived by a person looking
directly at the window--the primary variable is the brightness of the sky as
viewed from indoors.

We recommend that designers provide means to reduce the discomfort glare from day-
light by properly locating work stations so that occupants' main directions of
view do not include the sky or other external bright surfaces, and to reduce win-
dow luminance by using suitable shading devices. They also recommend light-
colored surfaces around windows.

The addition of electric light away from the windows merely to reduce contrasts,
and thus reduce discomfort glare, is not recommended because of energy considera-
tions. However, in integrated systems, electric light is needed anyway; if prop-
erly designed, it can become a successful means of controlling daylight glare.

In summary, an integrated design involving daylight admission, controllable shad-
ing devices, and proper use of electric light can limit discomfort glare and keep
it below annoyance levels.



SPECTRAL CHARACTERISTICS

Daylight is continuously variable in intensity, direction, and spectral charac-
teristics. In special cases where the visual task involves accurate color judge-
ments, reference should be made to the particular spectral distributions
concerned--see Henderson and Hodgkiss (14) and (2).

Electric light sources have fixed spectral distributions that can be defined pre-
cisely. Data can be obtained from manufacturers' 1literature and guides on light-
ing, such as Refs. (15) and (16).

For most work activities, however, there are no strict demands for accurate color
discrimination, and a wide range of lamps can be selected for integrating with
daylight according to criteria that relate to the qualitative aspects of the total
visual environment. Nevertheless, the electric 1lighting should have a color
appearance and color-rendering characteristics compatible with those of the day-
light. It should also be compatible with the interior color finishes.

Effective integration calls for lamps that make the occupants unaware, or at least
unconcerned, that part of the interior is 1it by daylight and the remainder by
electric light.

The efficient types of fluorescent lamps are the favorite sources for general-
purpose integration. For accurate color judgement, the less efficient "de-Luxe"
types, having superior color-rendering properties, should be used. The new gen-
eration of so-called “tri-phosphor" lamps, which are more efficient than the de-
Luxe lamps, should be used with caution in situations in which color comparisons
are important.

THE DIRECTION OF THE FLOW OF LIGHT

The directional properties of daylight, which comes in the majority of cases
through vertical side windows, differ from those of the general electric lighting,
which usually comes from above. However, it should be borne in mind that the
resultant flow of 1ight is not highly directional from either diffused daylight or
electric light inside interiors having interreflections from all surfaces. The
exception is direct sunlight, which is generally limited in its penetration or
excluded altogether. |

The importance of the directional properties of 1lighting in a working space
depends greatly on the activity pattern. Just as people usually pay little

5-8



attention to the spectral properties of integrated lighting, in most cases they
tend to dignore the differences in the directions from which 1light reaches their
working surfaces. This does not mean that directional characteristics are unim-
portant, but that they are satisfactory for the majority of visual activities.
However, in some visual tasks, such as detection of fine details in texture or
enhancement of form and shape, directional properties can markedly influence visi-
bility.

The concept of modeling was suggested by Lynes et al. (lZ;l§) as a way to describe
the directional characteristics of 1ight. Ne'eman and Longmore (5) proposed an
Integration Factor as a quantitative measure of the integration of daylight and
electric 1light. This factor is defined by using the vectorial representation of
the light field--see Gershun (19) and Helwig and Krochmann (20). However, we
believe that more work should be done to quantify the directional properties of
the light flux in integrated systems.

INTEGRATION, CLIMATE, AND ENERGY

The preferred type of integration is naturally related to Tlocal factors such as
climate, daylight availability, cost of electric power, peak demand, etc. In
predominantly cold climates, such as New York State, emphasis on the use of elec-
tric lighting is often justified because the lighting power contributes to the
heating requirements. Also, in cold climates daylight tends to be less available
on an annual basis than in warmer regions. These effects are discussed in more
detail in the energy section.

On the other hand, even in cold climates, substantial air conditioning is required
in summer. Daylight should be utilized as much as possible whenever its actual
Juminous efficacy in spaces is greater than that of electric light sources of
similar spectral distribution (40-70 lumens per watt, including ballast losses).
The nominal efficacy of daylight is 100-120 lumens per watt; however, actual effi-
cacy in terms of cooling load impacts is often less. As discussed elsewhere, day-
Tight must be effectively utilized in order to achieve these potential savings.

We see that lighting power consumption is an integral part of the overall energy
management of a building. It should be mentioned that from energy considerations
alone, the more efficient the electric 1lighting becomes, the less advantageous the
utilization of daylight. As mentioned before, however, there are other considera-
tions that make daylight the preferred source for interior lighting. Furthermore,
the integration of daylight and electric light can utilize both sources optimally.



METHODS OF INTEGRATION

Because it was recognized that a single integration technique cannot cover all
types of buildings and activities, attempts have been made to find a comprehensive
classification of integration methods.

A draft report on the integration of artificial 1ight with daylight, submitted by
Longmore (21) to the CIE Daylignting Committee TC-4.2, suggested classifying the
design guidelines for integration according to building type. Consequently, a
wide range of buildings was selected: offices, offices where machines are used,
computer rooms, drafting rooms, industrial buildings, hospital wards, libraries,
and commercial kitchens and laundries. Long as it is, such a 1list cannot cover
all building types.

An opposite approach has been adopted in Germany (ll) where buildings are classi-
fied as residential or non-residential for purposes of integration design.

A more comprehensive approach seems to be a classification of integration methods,
rather than building types (4,5). Every building can then be designed using the
appropriate integration method, which can also takes into account specific local
requirements and constraints. The proposed methods of integration are:

1. Single (mono) space integration with daylight dominant:

la. with daylight entering through windows on vertical walls;

1b. with daylight entering through rooflights (skylights).

2. Single (mono) space integration with electric light dominant:
Za. as la above;

2b. as 1b above.

3. Interspace integration--using daylight in peripheral rooms and electric light
in inrer rooms.

4. Transitional integration--the coordination of adaptation levels in areas
where people enter or leave a windowless building.

5. Qutdoor Integration--for outdoor activities extending from daylight hours
into dark hours. There 1is no change in location or space, but a time-
dependent transition into which the lighting should be integrated throughout
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the activity.

The major characteristics of these integration metnods are listed in Table 5-1.
DYNAMIC INTEGRATION OF DAYLIGHT AND ELECTRIC LIGHT--DIDEL

We now add a new dimension to the known integration techniques--dynamic controls.
The ultimate control system should include all environmental factors, i.e., ther-
mal, visual, and, to some extent, acoustical. However, at this stage we are con-
cerned primarily with the visual environment where electric lighting and shading
devices are involved.

Manual switching of sections of the electric 1lighting system already provides a
kind of dynamic option. Regretfully, it is well known that manual lighting con-
trols have not been widely used. For this reason an effective dynamic integration
can probably be achieved only with automatic controls.

We can currently utilize high-technology automatic devices, which provide a wide
variety of control options. A few examples are studies by many research centers,
such as work by Crisp (22) at the Building Research Establishment in England; and
by Selkowitz (23), Rubinstein (24), and others at the Lawrence Berkeley Labora-
tory. Surprisingly, there are still few data on actual building performance--this
remains a high-priority need.

Strangely enough, we have much knowledge of the technical aspects of lighting con-
trols, while the human acceptance of such ‘controls has not been investigated
thoroughly. Occupant response to high-technology control is now being studied at
the Lawrence Berkeley Laboratory by Ne'eman and Sweitzer (gg).

In conclusion, we suggest that DIDEL aim at the maximum utilization of daylight
and the minimum use of electric light to create an efficient and pleasant visual
environment. Lighting energy consumption should be analyzed as part of the total
energy use of the building. The proper design strategy is overall minimal cost of
the 1ighting environment, not maximal energy saving.

Special care should be given to visual well-being by providing an acceptable view
through windows and by avoiding excess glare from windows and luminaires.

SUMMARY AND RECOMMENDATIONS

Proper integration of electric lighting is essential from the perspective of both
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energy savings and occupant response to the building design. An effective light-
ing control system is a prerequisite to energy savings in a daylighted space; an
appropriate strategy by which electric Tlighting and daylight are properly
integrated is in turn a prerequisite to the overall acceptance of any system. 1In
our historical review of attempts to integrate electric light with daylight and in
our observations in current buildings that attempt to use daylight as a energy-
saving strategy, several themes emerge:

o Any scheme for integrating electric lighting and daylight must recognize
and account for the possibly unique circumstances and user needs associ-
ated with that specific design problem. Various integration strategies
emphasize one or more aspects of lighting design, but not equally. It
is therefore important to select the integration strategy that provides
the greatest benefits for the specific situation being considered.

® The ability to select an integration strategy that meets user needs
implies that those needs have been or can be adequately defined. At the
present time, there is no unanimous agreement on the quantitative and
qualitative aspects of 1ighting requirements for various visual tasks.
More work is needed to understand and quantify occupant satisfaction and
preferences given a variety of elements and individual environments.
For example, daylight adds a dynamic quality to light level, luminance
ratios, and modeling effects in a space. Assuming that minimum or max-
imum criteria for each of these are not exceeded, to what extent is
variability in these parameters a desired or desirable feature in a day-
lighted space? The answer to that and similar questions will partially
determine the relative dominance of an electric light source versus day-
lighting and thus begin to define some aspects of lighting hardware and
control selection. These concerns extend to the issues of window sfze,
window location in the wall, and view from window --all of which may
have some impact on occupant reaction to a daylighted space. It should
be emphasized that some of these issues can ultimately be reduced to
simplified quantitative guidelines; however, others are more qualitative
and subjective in nature and must remain so, although more information
would be desirable and useful to design professionals.

e Once we have established the need for 1lighting integration strategies
that go beyond task footcandles, we are likely to need more sophisti-
cated lighting control systems and sensor systems that respond through
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software or hardware in a way that pleases occupants. The technology
for such systems is probably available today; we lack a sufficient
understanding, however, of the appropriate and desired reactions for the
range of lighting conditions that would normally be encountered in a
daylighted space. Some related issues in this area of controls are dis-
cussed in the section on 1ighting controls.

@ A further dimension of the control problem is integration of electric
light and daylight with fenestration controls to modulate solar gain and
with other building operating systems such as the HVAC and security sys-
tems. It is fair to assume that in the future increasinygly sophisti-
cated building automation systems will be specified; to the extent that
their operation has impact on electric light and daylight in a space, it
must be designed with the appropriate integration in mind.

8 The final decisions regarding lighting integration issues will often be
made with some bottom-line criteria in mind, which will usually be
cost-based. It is thus important to recognize that design decisions
made in the context of providing an integrated 1ighting system must
address not only the lighting energy and visual performance concerns but
also a variety of other constraints that may be totally unrelated to
1ighting issues.

On the basis of the concerns outlined above, two important but fairly general
needs are apparent. First, a variety of research studies are needed on a number
of different aspects of user response and user preference to those aspects of
lighting parameters that are critical when dealing with the integration of day-
light and electric light. A complementary set of studies is required to extend
the analysis of the integration strategies that are described here to a design
handbook that building designers could use in several different stages of the
building design process. HMuch of the information is such that a document might be
based on a careful study of existing buildings in which the problem of daylight
integration has been effectively handled. However, it would also be useful to
extend the analysis from specific case studies to more general cases that would
encompass the broad range of typical design conditions faced by architects. While
information is available for many aspects of electric lighting design alone and
daylighting alone, there are few relevant available data for modern buildings that
address the problem of integrated lighting systems.
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Section 6
REVIEW OF DAYLIGHTING DESIGN STRATEGIES

INTRODUCTION

This section reviews the major design approaches that incorporate daylighting into
building designs. We emphasize the proven techniques that have provided effective
daylighted spaces as well as discussing some of the more innovative but specula-
tive approaches whose performance has not yet been convincingly demonstrated. We
discuss several design approaches, some of which provide effective daylighting
energy savings, while others provide esthetic or psychological benefits without
energy savings being the major concern. We divide this section on the basis of
the technique by which daylight is introduced into the space: sidelighting versus
toplighting. In the case of sidelighting, we consider either an intermediate
floor in a multistory building or a situation in a single-story building where
roof penetration is not feasible or desirable. 1In addition, we consider the use
of atriums as a combination of rooflighting and toplighting. Finally, we discuss
other techniques that do not fit easily into these categories.

SIDELIGHTING

Sidelighting is typically the most common daylighting strategy, simply because of
the preponderance of buildings with vertical glazing. These approaches can be
divided into two major categories: 1) perimeter sidelighting, and 2) sidelighting
with enhanced light distribution deeper into the space. A rule of thumb developed
many years ago is that useful daylight penetration rarely exceeds 2 to 3 times the
height of the window. Using this guideline, we define perimeter daylighting as
encompassing those situations that provide daylight as deep as 20 to 25 feet into
a typical office space having 9 to 10-foot ceiling heights. These techniques can
be accomplished using relatively conventional window designs and relying primarily
on the diffuse component of daylight. In these circumstances control of direct
sunlight to prevent overheating and glare is a more important issue than utilizing
direct sunlight to enhance daylight in the space.

Daylight penetration deeper than 20 to 25 feet typically requires utilization of
direct sunlight and more sophisticated optical control of its penetration into the
building. Some approaches to enhanced daylight penetration utilize simple archi-
tectural elements as well more sophisticated optical systems. By virtue of the
fact that this approach relies more heavily on direct sunlight, hours of useful
operation are more climate dependent and fewer than in perimeter daylighting
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schemes.

Sidelighting in Perimeter Zones

The greatest opportunity for daylight utilization exists in perimeter zones where
glazing is already present to provide view or contact with the outdoors. We
define the perimeter zone as limited to a depth of 15 to 20 feet, corresponding to
the depth of typical individual offices at the perimeter as well as a useful boun-
dary for a portion of an open-landscaped zone. In a zone less than 20 feet deep,
it should be possible to provide daylighting for 60 to 80 percent of the operating
hours in the year, depending on details of climate and orientation. In fact, in a
perimeter zone it is relatively easy to provide daylight levels substantially in
excess of the nominal 50 footcandles levels one might desire, at least in an
office environment. Selections of glazing area, glazing transmittance, and shad-
ing system are necessary requirements to control the variability of daylight.
Higher daylight levels can be tolerated if they can be introduced in a manner con-
sistent with good vision and thermal control.

While in principle daylighting the perimeter zone should be routinely accomplished
without difficulty, one need only survey buildings to see that this is not the
case. At a minimum it requires suitable lighting controls and, as discussed in
the lighting control system review, this has proved a problem. The two major
problems are fenestration control and 1lighting control in the perimeter office.
Fenestration control is necessary if the thermal loads and glare controls are to
be effectively managed. Without meeting these two requirements, visual and ther-
mal comfort in the perimeter zone will become the dominant issues affecting occu-
pants, and daylighting energy savings will take a distant third place. Even if
window systems are controlled adequately, the electric lighting must be controlied
in a way that is responsive to both visual requirements and energy savings. An
ideal system might integrate the two; such a system would probably be moderately
costly, and few have yet been demonstrated. The single perimeter office has the
additional problem that the relatively small floor area being controlled, perhaps
150 ft?
cumstances. It is these savings that must be balanced against the cost of both of

, will generate only moderate total savings even under the best of cir-

the control systems described previously.

The complexity and cost of these systems will also be a function of the expecta-
tions regarding occupant interaction with fenestration and 1lighting control.
Although it is reasonable to expect office occupants to take simple actions to
adjust their environments, it is unreasonable to expect them to expend any large
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amount of time and concern with the system. This would detract from the produc-
tive function for which they are paid. The boundary between reasonable and unrea-
sonable expectations is not well defined, and clearly will be highly variable
depending on individual and situation. Because American office workers have not
historically worked in environments where occupant control has been a major theme,
it seems less likely that strategies based primarily on occupant control of fenes-
tration and lighting will be most effective. Balancing this conclusion against
the cost of fully automated control systems leads one to the primary conclusion
that in a perimeter office, as much as possible of the fenestration control func-
tion should be provided by a fixed control solution. The equivalent conclusion
for 1lighting controls would be to separate reguirements for task lighting from
ambient lighting and to use available daylight primarily for ambient purposes. In
fact, in a perimeter office it should be possible to consistently provide task
illuminance levels, but the additional design and hardware costs may exceed tne
extra savings. This depends largely on relative costs and savings and on details
of the lighting system integration, which were discussed in the previous section.

We conclude that in a perimeter zone, defined as the outer 10 to 20 feet of a
building, it should be possible to provide acceptable daylight levels throughout
most of the WOrking year, on the order of 80%, with conventional glazing and wall
systems. The '"optimum" cost-effective design (at the present time) probably
includes a well-designed but simple fenestration system coupled with an automatic
lighting control system that provides control of either full lighting or ambient
lighting with additional task lighting under. the control of the office occupant.
It should be noted that the fenestration designs mentioned above will be
orientation-sensitive, suggesting that the skin design of a building would differ
depending on orientation. In new buildings designed for energy efficiency, this
theme shows up more frequently. However, examination of existing building stock
suggests that the vast majority of buildings utilize identical fenestration on all
building facades. This places greater demands on occupant control of fenestration
properties and introduces gfeater uncertainity in the likelihood of effective day-
light utilization.

Enhanced Sidelight Penetration

To introduce daylight beyond the 20-foot boundary in most sidelighted offices
requires designs that differ from the simple perimeter systems. Several new con-
cerns emerge in these circumstances. First, the aperture that allows daylight
penetration would typically be 1larger than that providing daylight for the
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perimeter zone. Second, even with an enlarged aperture, daylight levels in the
space may be insufficient. This suggests that direct sunlight must be used to
provide adequate levels. The difficulty with utilization of direct sunlight is
primarily one of controlling distribution in the deeper perimeter zone as well as
reducing the likelihood of thermal discomfort and glare. There are two primary
approaches to admitting additional sunlight and daylight. The first increases
glazing area, primarily by increasing ceiling height. Adding glazing to the lower
end of the window near sill height does almost nothing for horizontal illuminance
deep in the space. Raising the ceiling from a typical 9 or 9 1/2-foot level to 10
or 11 feet provides some improvement in penetration deep in the space due both to
the increased area and to the angle of the light source relative to task areas
deep within the space.

Finally, deeper penetration of daylight and/or sunlight requires special attention
to work station/office design in buildings. Many work stations in modern offices
utilize movable partition systems that block direct view of the window at the task
location. Daylight at these 1locations will be limited largely due to the
ceiling-reflected component, and performance analyses must properly account for
these and other optical effects. If raised ceiling heights are utilized to
increase the admitted flux, or even if clear glazing is used above a vision strip
in which the luminance of the view outdoors is controlled, it is important to con-
trol the light admitted near the top of the window. First, occupants sitting in
the vicinity of the window need to be protected from direct sunlight. Second, the
daylight flux is probably sufficiently large. that more is available than is needed
immediately at the vicinity of the window. Therefore, it would be useful to
"push" some of the available light flux deeper into the space. One architectural
approach that can accomplish both objectives is to introduce a light-refiecting
shading element behind the upper portion of the clear glazing. One such design
solution is the use of a horizontal reflective light shelf, typically located 6 to
7 feet above the floor with several feet of clear glazing above it. It acts as an
interior overhang to proVide control of direct light penetration (at least for
some solar positions), while using a diffuse or specular upper surface to bounce
the intercepted light deeper into the space. Solutions of this type have obtained
some degree of acceptance in part due to their apparent simplicity. However,
there are few performance data to suggest the real performance of such systems.
Under conditions in which direct sun is not present, these systems will reduce
light relative to an unshaded window. A more appropriate comparison is witn an
alternative device that provides similar sun protection and some light distribu-
tion, such as a venetian blind or louver system. There appears to be insufficient
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technical information at the moment to determine the strengths and weaknesses of
such systems and their energy-saving potentials. It should be noted that such
systems have been used in hospitals in England for some time, primarily to control
glare.

A more elaborate version of this approach would optimize the 1light shelf to specu-
larly reflect 1light deep within the space. This might be accomplished with a
fixed reflective geometry, necessarily a compromise between optical efficiency and
varying sun position. Alternatively, operable tracking systems could be used to
provide at least a one-axis tracking capability (i.e., varying with solar altitude
but not azimuth). A variety of reflective or refractive optical systems can, in
principle, provide this capability, and several have been developed and tested.
None, however, has advanced to the point of being commercially offered on a wide
scale. The operational reliability of mechanically complex systems is always a
concern, and devices that provide good optical control with few or no moving parts
will generally be preferred.

Deeper penetration of daylight can also be improved by modifying ceiling charac-
teristics. There 1is 1limited experience with this area, which 1is receiving
increased research interest. Three major changes might be considered. The first
would be to slope the ceiling from a high level near the perimeter to a lower,
more conventional, height deeper 1in the space. One advantage to this 1is the
improved reflecting surface presented by the ceiling to the light admitted at the
aperture. In addition, this allows the advantage of the higher ceiling without a
substantial increase in floor-to-floor height, which is important to keep con-
struction costs down. This approach would require additional attention to the
location and placement of HVAC systems and other elements in the plenum space if
it is to be obtained without an increase in overall floor-to-floor height. A
second approach is to introduce light into a modified plenum cavity designed to
transmit light. The ability to dedicate large plenum areas to this function and
the ability to keep the surfaces highly reflective is questionable. The final
approach is to modify the ceiling characteristics by changing texture and local
geometry to provide enhanced daylight distribution deeper within the space. One
approach might be the use of a more specular surface near the outer edge of the
room to push light at grazing angles deeper into the space. A series of tilted
ceiling panels deep within the space could be utilized to catch the 1light
reflected off at grazing angles and distribute it diffusely into the area below.
Design schemes of this type would require additional development to test their
effectiveness.
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While there is room for innovation and improved effectiveness in this area, one
should note that high ceilings have always been recognized as an appropriate means
for deeper daylight penetration. Older buildings, built prior to air conditioning
and extensive mechanical systems, were often built without hung ceilings in plenum
spaces and utilized the entire floor-to-ceiling height, frequently 11 to 13 feet.
As described in the historical overview, building construction practices and costs
generally have eliminated this design approach. It suggests, however, that there
may be a useful retrofit potential in some of our older building stock.

Daylight utilization in the deeper interior zones also requires different lighting
design strategies. In these instances it is typically unreasonable to expect day-
1ight to produce adequate task illuminance levels; therefore daylight is seen pri-
marily as an ambient 1ight source.

TOPLIGHTING

Toplighting refers to those strategies by which light is admitted from a generally
overhead direction as distinct from vertical windows near floor level. Sloped
glazing such as that used to cover large atria are treated in a separate section
following this one. Toplighting generally has its greatest impact in single-story
buildings where most or all of the floor area is seen by the roof or ceiling. It
could also be applied in the top floor of a multistoried building, and occasion-
ally will be used to light more than a single floor if appropriate holes are cut
in the intermediate floors. Systems that collect light at the roof and then fun-
nel that light through lightpipes or conduits are treated later.

Unlike sidelighting where the spatial relationship between the light-admitting
source and the space to be lighted limits the useful penetration of daylight, a
toplighted space, in principle, can be entirely daylignted if appropriately sized
apertures are uniformly spaced over the floor area. We consider two major types
of toplighting: those in which simple flat glazing or bubble glazing is used over
a simple opening in a horiionta] or sloped roof membrane, and those in which roof
monitors incorporating one or more vertical, sloped, or horizontal glazing ele-
ments are utilized to admit light and redirect it through the ceiling plane. An
examination of warehouses and industrial buildings in the older section of any
major city should reveal a striking diversity of roof monitor systems. In such
older buildings with high ceilings, these systems allowed good control of incident
daylight and sunlight as well as providing openings for natural ventilation. They
are, however, structurally more complex than cutting a hole in a roof membrane.
In the last several decades simple glazed openings in flat or sloped roof
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membranes were designed as the predominant form of toplighting. The fundamental
difficulty with horizontal or approximately horizontal glazing is that transmis-
sion peaks in the summer and drops in the winter, exactly the opposite of what one
would desire for good annual performance in most climates. Bubble-type skylights
(which are used primarily for structural purposes) pick up some additional low-
altitude sun if they are diffusing. We review below the key features of both
types of rooflighting systems.

Conventional skylights are available in a variety of forms. The most common, how-
ever, are either rectangular or square elements with one or more sheets of plastic
vacuum-formed into a bubble shape to provide added structural integrity. Typical
construction utilizes an aluminum frame made from extrusions that hold the glazing
in an appropriate gasketing system. Skylights are now commonly available as
double-glazed units and in some areas are triple-glazed. In the past few years
more attention has been paid to improving the insulating qualities of the metal
frame and reducing the air leakage of skylights. Multiple glazing and insulated
metal frames help reduce the 1ikelihood of condensation on the underside of
skylights, which can be annoying if it drips into the space. Gutter systems are
frequently provided in the aluminum extrusions to catch any water that might form
on the surface.

Glazing options for either vacuum-formed plastic or flat glass skylights are
numerous. Clear, tinted, and white diffusing plastics are the most common.
Diffusing plastics play an important role in spreading the light from a relatively
small opening over a large floor area. This is particularly important when ceiling
heights are low. However, good diffusion is achieved with some loss of transmis-
sivity. Some newer skylights employ a double layer of acrylic lens material that
diffuses the transmitted light without a substantial loss in transmission. Flat
glass skylights are available in an array of types including reflective coated
glass. The use of overhead glass in any installation must address safety in the
event of breakage. Tempered glass, laminated glass, and wired glass may be
appropriate choices.

In addition to optical losses througn glazing materials, losses may occur as the
light is transmitted through the thickness of a roof or plenum structure. In the
simplest case in small buildings this depth may be well under one foot, which for
a large skylight will have little effect. However, in a space with a hung ceil-
ing, the plenum depth may be several feet. The Tlight traveling through the
skylight may also have to pass through a lightwell having a depth of several feet
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or more. This introduces optical losses approximately equivalent to those that
would result from a reduction in transmittance in the glazing material, at least
in the case of a diffusing skylight. In cases where nondiffusing glazing is used
the lightwell itself can act as a light-diffusing element if the dimensions are
such that direct sunlight will never penetrate.

In the energy analysis section of this report, we show that the potential savings
through skylighted spaces are very large. Despite this fact skylights are not
used nearly as frequently as they might be to provide natural light. One reason
repeated frequently by building owners is the fear of water leakage. For a well-
designed and carefully installed skylight system, this should not be a problem;
however, it appears to be a major concern based perhaps on historical information.

From the perspective of interior design, skylights can be described simply as
holes in the roof that admit light. In other situations, it is desirable to make
the skylights appear as if they were light fixtures, and in these cases lightwells
that terminate into diffusers can be utilized. A relatively small percentage of
the roof area suffices to provide substantial daylight in the space. Energy
analysis studies described in Section 6 indicate that for highly transmitting
skylights, 2 to 5% roof coverage is probably optimal. From an installation point
of view, it would be cheaper to provide this area in a relatively small number of
Jarge skylights. However, the penalty to be paid by such a strategy would be a
highly nonuniform light distribution at the workplane. Calculation, model experi-
ments, and experience in real buildings suggest that to preserve good uniformity,
skylight spacing should not be greater than 1.5 times the ceiling height. This
will suggest the grid over which the roof coverage should be spread. With Tower
transmittance, larger areas can be used but will incur greater heating energy
losses. In situations where high ceilings are acceptable, the rule of thumb per-
mits greater separation between skylights.

It should be possible to enhance the performance of even simple skylight systems
by considering the slope of the roof (or tilting the base of the skylight in the
case of a horizontal roof). One could also use other elements surrounding or
covering the skylight that act to either reduce solar transmittance on a selective
basis or enhance transmittance through the system by collecting additional 1light.
Active mechanical tracking skylignt systems are commercially available. Tradeoffs
between useful daylight and cooling loads must be carefully considered. At the
present time there appear to be few instances where the optimal benefits of such
approaches have been carefully tested and evaluated.



The uniformity of interior daylight distribution is dependent on the spacing
between skylights. To improve uniformity, one should increase skylight area (and
correspondingly decrease transmittance). Carrying this to its logical extreme,
one would make the roof structure, or a large portion thereof, a translucent,
glazed surface which would have to have better insulating properties due to the
increased area. A number of firms offer such translucent roof systems, typically
double-fiberglass-skinned structural panels with insulating, 1light-diffusing
matrix materials between the inner and outer layers. They can be fabricated in a
variety of standard and custom dimensions, and can be used in vertical and sloped
as well as roof applications. The daylight transmittance can be varied but is
related to the insulating value since both depend on the density of the insulated
filling. This technology has been used successfully in varied applications in
many building types.

Another basic approach to toplighting is the use of roof monitor systems.
This approach normally utilizes long, 1fnear light-admitting structures over slots
in the roof, often with vertical or sloped glazings. In some cases the monitor
systems are attached to flat roof systems; in other cases the roof structure
itself (e.g., a truss system) may be an integral part of the roof monitors. A
great variety of roof monitor systems was used in the late 1800s through about
1950, primarily in warehouses and industrial buildings. Some utilize north-facing
vertical glazing to admit diffuse light only; others utilize south-facing vertical
or sloped glass to admit direct sunlight which may then be diffused by other opti-
cal elements in the monitor system, while still others have utilized combinations
of glazing elements. These typically use more glazing per square foot of floor
area than the horizontal skylights mentioned previously, but since many of the
older buildings were not heated or cooled, this did not represent a severe
penalty. These design approaches are rarely used today for warehouses, but there
has been a rediscovery of the potential daylighting benefits of roof monitor sys-
tems for small offices and schools. In the 1950s a number of very successfully
daylighted schools were built in California utilizing several different types of
roof lighting systems. In moderate or cold climates, south-facing monitors are
often used since the winter solar heat collected may pe useful in addition to the
daylight. The geometry of the south-facing monitor, the placement of the glazing,
and interior baffles are all used to diffuse incoming direct-beam sunlight and to
provide some summer sun control. In warmer, more southerly climates, north-facing
monitors are also used. Control of direct sun penetration is a critical require-
ment in offices and schools. Louvers, baffles, lenses, shades, and otner systems
have been used for sun and light control.
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To provide daylight over the entire floor area, a uniformly spaced set of roof
monitors would be utilized. In smaller buildings with at least one major wall
with windows, roof glazing might be added adjacent to a rear wall, far from the
windows to provide a wall-wash lighting effect to balance daylight from the window
glazing.

Recent DOE-supported studies have investigated the possibilities of integrating
linear roof monitor systems with building structural systems to reduce total sys-
tem costs. The glazing areas found to be optimal for use on vertical or south-
facing monitors are consistent with the findings for horizontal skylights, 2-5% of
roof area. For larger areas, increasing cooling loads negate additional daylight-
ing savings.

A final application of roof lighting systems is the use of translucent fabric
structures to enclose spaces. Air-supported and cable-supported translucent
fabric roofs have been used for several decades to cover sports arenas and for
short-term events such as World's Fairs. However, sufficient confidence has been
gained in structural design and fabric system performance so that these roof sys-
tems are now being used for a greater variety of permanent structures, including
retail stores and offices. In typical construction, an outer weather-resistant
structural skin with 40 - 80% solar transmittance is combined with several dif-
ferent types of inner skins tokprovide the desired sun control and thermal con-
trol. For a fully covered roof, net transmittance is typically 4%. The major
weakness until recently has been the poor thermal insulating value of these sys-
tems. However, recent advances in the use of higher-transmittance outer skins in
conjunction with very thick (2 feet), fibrous batts (to maintain about 4% net
transmittance) have resulted in translucent roofs with insulating values approach-
ing those of conventional opaque insulated roofs. These roof systems can provide
uniform 1light or, by using fewer inner layers in some locations, can vary tne
local roof transmittance and thus the interior illuminance. Researchers have
worked on many mechanisms to dynamically control solar gain, daylight, and thermal
properties, but none have yet been used in a major permanent building. Their
ability to provide architecturally interesting large-span roof systems with poten-
tial structural cost savings and good daylighting/energy performance suggests that
these systems will be used more extensively in the future. At the present time,
each roof structure is a custom-designed project and only a few firms in the US
have substantial experience and expertise in this field. However, the same tech-
nology could be applied to standard modules (e.g., 20' x 20', 100' x 100') which
could be employed as pre-engineered elements in a wide variety of building
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applications. Continued improvements in coated fabrics and insulating systems and
new technologies for dynamic control of optical properties could all advance the
use of this design approach.

ATRIA

The use of atrium spaces in commercial buildings is attracting increased attention
in the architectural community for a variety of reasons. Although there has been
a resurgence in the use of atria in the United States, there is a long history of
their use in European cities as well as a more limited historical precedent in
American cities. Covered markets and large enclosed circulation areas have been
important in urban design for hundreds of years. The recent interest in atria
appears to stem partly from a perception of these spaces as energy-conservation
strategies, and partly from the positive visual and aesthetic responses they
evoke. We use the term atrium here to refer to any large enclosed space, typi-
cally with a combination of roof lighting and sidelighting.

The energy-related rationale for atria is based on their function as a source of
illumination and their thermal performance. In many cases, they are used pri-
marily to provide a dramatic change of scale within a building envelope. In the
latter cases, an atrium space may be heavily planted, and the functions glazing
primarily to provide adequate light to ensure that the planting survives. Provid-
ing the opportunity for office workers or hotel guests to stumble across a dramat-
ically lighted and luxuriously planted monumental space within a building has been
sufficient motivation to encourage use of atria without energy considerations. In
milder climates, a plaza adjacent to a building may serve a similar purpose. How-
ever, in areas with climatic extremes, either very hot and humid or very cold, the
beauty and drama of the plaza can be brought indoors and accompanied by a con-
trolled environment. Covered circulation malls in large shopping centers serve
similar purposes. In a number of urban environments, covered malls or arcades are
becoming increasingly popular as weatherproof circulation areas between a large
number of stores.

The potential energy benefits of such structures depend largely on the base case
against which they are compared. Compared with an unconditioned open-air situa-
tion, they will generally use more energy because some climate control must be
provided in the atrium'space. Countering this perspective is the observation that
the energy consumption of the store fronts that open to these spaces would be
reduced because there may be no heating or cooling required relative to the circu-
lation area. In some cases the enclosed area is controlled as a buffer zone where
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climate conditions are maintained intermediate between the fully conditioned
spaces and the outdoors. This allows for many of the functions of these climate-
moderated spaces without incurring the full energy penalty for conditioning such
spaces. There appears to be 1little or no energy performance data on such
approaches, although they are being studied now by several groups. However, the
desire for such designs is strongly based on current architectural interests and
design styles, and it seems unlikely that even a strong negative energy impact in
these systems would radically alter interest in their use.

In at least a few situations, atrium spaces have been specifically designed as
part of an energy-saving element in a building. In the Bateson building, a state
government office building in Sacramento, California, the atrium space was
designed with a carefully conceived roof lighting system that provided managed
south solar gain with diffuse light from the north throughout the year. The
intent was to use the solar gain in winter months as part of a heat-collection
system and to use the daylight available in the atrium space to provide some spill
light into adjacent office areas in the four-story building. The building has not
worked entirely as planned for a variety of reasons, but it was one of the first
buildings 1in which an explicit energy-performance criteria for the atrium space
was laid out. A number of other buildings have been designed over the past few
years to utilize large atrium spaces for both thermal and daylighting purposes.
Simulation of the performance of such spaces is an evolving art, and much of the
recent interest has centered on problems of HVAC design to control fire and smoke
spread within the space.

We emphasize that presently there are no measured performance data to demonstrate
whether these spaces perform as intended and wnether they provide net energy bene-
fits to the building. Looking at these spaces as daylight sources, the illumina-
tion levels provided in the atrium space itself are generally pleasant and suit-
able for virtually any casual tasks within those areas. In many cases, some
direct sunlight is admitted to provide appropriate visual highlighting contrast.
However, two critical lighting-related functions must be extensively examined.
First, the role of these spaces as sources of light to adjacent office spaces
seems highly questionable. In principle, it should be possible in a two- or
three-story space with an appropriately designed roof glazing to provide adequate
access to light in an office adjacent to the atrium. However, when building
heights rise much above 3 stories, unless the atria have very large cross sec-
tions, quick calculations suggest that insufficient 1light flux would be
transferred through the adjacent vertical glazing to provide useful light in those
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perimeter office spaces. Second, the ability of a deep atrium to provide adequate
1ight for plants to thrive is questionable. Plants typically require 100 to 200
fc for 12 hours per day. In deep atria, or even shallow atria with limited glaz-
ing, these levels are not provided; supplementary electric lighting is required.
Additional calculation, modeling, and field measurement studies are required to
develop appropriate design guidelines.

Atria with extensive glazing may also produce large cooling loads, thermal discom-
fort, and glare. Proper design and improved materials should eliminate these
potential problems. Operable shading systems can provide good control capability,
but designers have been somewhat reluctant to specify these systems for relatively
inaccessible locations.

Since atria are popular and desirable features, they will be incorporated in large
and small buildings with increasing frequency. It will therefore be important to
develop a performance data base from which we can derive sound design guidelines
to assist designers in critical decisions regarding daylight in atria.

ADVANCED OPTICAL SYSTEMS

Much of this section has centered on new possipilities for daylight utilization
based upon improved architectural designs. Our review of the opportunities in
this area suggests that while significant improvements can be made relative to
simple conventional fenestration systems, there are limited additional opportuni-
ties to squeeze even higher levels of performance from refinements in design
alone. However, it may be possible to create significant advances if one utilizes
new optical materials whose light control properties differ significantly from
materials now in common use. The use of improved optics to improve daylighting
performance is not a new thought. If one investigates the patent literature going
as far back as the late 1800s one finds numerous examples of the use of clever
optical systems to enhance daylight performance in buildings. At the present
time, we can take advantage not only of the well-established reflective and
refractive optic systems that have been known for more than a century, but we can
also investigate more recent innovations such as those based upon fiber optic sys-
tems, or holographic coatings. In addition we must examine the use of optical
systems whose basic performance has been understood for some time, but which were
not previously economita]]y feasible. For example, new advances in large-area
thin-film deposition and other low-cost, high-volume production techniques may
make optical systems practical and economical now that might not have been con-
sidered feasible some years ago.
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In this section, we outline several technical approaches for introducing daylight
and sunlight deep within buildings. In previous sections we have discussed the
possibility of using new optical techniques to introduce light into extended per-
imeter zones in buildings, 20 to 40 feet back from the window wall. We now con-
sider situations where light transmission is desired over even longer distances
and where it may be desirable to penetrate either horizontally or vertically
through the core of a building. Such optical systems typically require three
major elements. First, a collection system is required to gather the available
light flux and, in many cases, to concentrate it. Second, the light flux must be
transmitted through a transmission system to the point of use in a building.
Third, the light flux must be distributed in a way consistent with the end use of
the lighting. While the latter function represents a number of practical con-
cerns, not the least of which is spatial control and integration with electric
lighting, the problems are less of a fundamental optical nature than they are
engineering/design issues, and will not be considered further here. The
collection/concentration problem and the transmission problem are closely related
in that each represents potential constraints on the performance of the other. A
number of these technologies have been investigated to varying degrees by
researchers. Investigations of some of the architectural implications of several
of these alternatives are being funded by the Department of Energy. However,
there are not yet definitive research results or any practical operating systems
so that this area remains ripe for significant research advances.

Collection/Concentration Systems

There are several types of optical systems for collecting and concentrating sun-
light. A fundamental 1limitation of most of these systems is that they are
designed to introduce direct sunlight into the building and therefore require a
tracking function. Tracking systems include double-axis polar trackers which can
introduce a beam of light with approximately constant cross section into an open-
ing on the roof of a building for almost all sun and sky conditions. A simpler
system would utilize an altitude-azimuth tracker where the primary mirror rotates
in azimuth, and changes in altitude, to constantly direct sunlight down a shaft.
Such a system is less efficient in intercepting light flux, but is simpler in that
it uses only a single mirror. Skylights with these types of tracking systems are
commercially available in the United States, although there is little or no defin-
itive performance data at this time. Prototypes of the more complex double-axis
polar trackers have been built and operated, but once again, we have only limited
operating data. In principle, concentrating lens systems can be placed at the



output of each mirror system to condense the cross section of the solar beam. In
the 1imiting case, where a solid fiber optic guide was used as a transmission sys-
tem, such concentration would be essential. Where an open shaft was used, the
concentration issue is largely dependent upon the value of the shaft space used in
the building. These issues are discussed later in the transmission section. Any
tracking system designed to track the sun will suffer from great reductions in
flux output when clouds or haze obscure the sun's disc. The flux intensity can
change by several orders of magnitude in a matter of seconds as a cloud moves in
front of the sun. Accordingly, the overall lighting system in the building must
be designed to respond to such changes on the time scale at which they occur.
Trackers can be designed to collect light from a larger solid angle of the sky
than the narrow image of the sun's disc. However, the concentration ratio possi-
ble with large-angle trackers is directly limited by the radiance theorem.

Three alternatives to active tracking optical systems have been discussed. The
first would use fixed optical elements arrayed so tnhat at various times of the day
the sun's image is properly introduced into the optical transmission system.
These systems trade off the simplicity of no moving parts for poorer optical per-
formance. In general, they would require larger apertures to introduce the same
average amounts of light compared to a tracking system. However, for noncritical
lighting situations such as circulation areas or other non-task areas, lack of
precise optical control may not be a serious drawback .

The second option is the use of holographic coatings to collect light from dif-
ferent portions of the sky as the sun moves and introduce it into an interior
space. While it can be shown that it is physically impossible for such a system
to collect light from anywhere in the sky and introduce it to a single spot with
good efficiency, it is possible to exert some angular control for limited
wavelengths and redirect the light in ways that may be useful 1in the building.
Several theoretical papers have discussed these possibilities and new experimental
work is starting with support from the Department of Energy.

A third option is the use of fluorescent concentrators in which a fluorescent dye
absorbs incident light and then readmits 1ight within a narrow set of wavelengths.
Much of the emitted light is totally internally reflected 1light within the
fluorescent plate. The light collected over the area of the plate migrates to the
edges where it may be introduced into a light guide system. Fluorescent concen-
trators have been extensively studied as energy concentrators for photovoltaic
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systems. The possible use of such systems as non-tracking daylight collectors and
concentrators in buildings is under investigation at Lawrence Berkeley Laboratory.

While both holographic films and fluorescent concentrators show theoretical prom-
ise, neither has been convincingly demonstrated as a near-term practical option
for daylight collection and concentration. However, both represent radical depar-
tures from the more conventional reflective and refractive optical systems. We
suggest, however, that there may still be opportunities for combinations of
refractive and reflective systems that can track the sun's image with a minimum of
moving parts and effectively introduce the solar beam into a building. This is an
area in which clever optical engineering, as distinct from some fundamentally new
optical breakthrough, could provide the impetus for a practical and cost-effective
system.

Light-Transmission Systems

Light guide systems are essential to transmit the light collected by any of the
foregoing collection systems to the point of use in the building. As in the pre-
vious section, limited theoretical and experimental work has been conducted on a
number of these systems but definitive performance results have not yet been gen-
erated. We describe four options here.

Hollow reflective 1ight guides are perhaps the first to come to mind when describ-
ing conduits to transmit light into a building. These guides might have circular,
rectangular, or square cross section, and would have a highly reflective coating
on the interior surface. In the past, simulation results and measurements have
suggested that typical reflective surfaces, with 80 to 90% reflectivity, do not
yield very promising results for beams that are not highly collimated. However,
new advances in thin-film coatings for mirror designs nave resulted in surfaces
with 95% reflectivity with the possibility that the reflectivity could be enhanced
several percent more. At this level, light guides with a length-to-diameter ratio
of 50:1 could transmit in excess of 50% of the incident 1ight under many condi-
tions. The actual transmission depends specifically on the degree of collimation
of the incident beam or the angle which the collimated beam makes with the axis of
the light guide. This is a case where relatively small improvements in surface
reflectivity make a relatively large improvement in system performance.

Hollow dielectric 1ight guides have recently been patented by Whitehead in Canada.
The guide surface is a prismatic cross section which traps light by total internal
reflection and redirects it back down the core of the light guide as long as the

6-16



incident light remains within a cone of 26 © half angle. Optical losses are due
only to imperfections in the prismatic wall surfaces. In practice, these amount
to about 1% loss per foot of length for typical materials produced to date. How-
ever, when the guide is used as a light distribution conduit, the light lost from
the sides may contribute to illumination in the space. This material is available
.as a commercial item for electric lighting use and a number of experiments are
underway to investigate its feasibility with beamed sunlight. '

Lens guide systems have been discussed for some time. Lenses and mirrors would be
used to transmit and redirect the beam through an optical system. Each lens ele-
ment introduces a source of optical losses which must be minimized to maintain
high system efficiency. For systems with reasonably large guide cross sections,
thin plastic fresnel optics would probably be used. Limited demonstrations of
such systems have been completed but no practical systems have been fabricated or
tested.

Solid light guides can also be used to transmit light. Fiber optic systems have
the potential benefit of using flexible cables which can be routed as desired
through the interstices of buildings. However, their small cross section requires
highly concentrating optical systems to collect an adequate total flux and
transmit it to the point of use. Solid guides of very large cross section, either
of glass, plastic or even liquid-filled, seem impractical due to the weight and
massive amount of material involved. In the fiber optics field, most materials
have been optimized for transmission in the near infrared for communication pur-
poses. However, both glass and plastic fibers have good transmission in the visi-
ble portion of the spectrum. This could no doubt be enhanced by further optimiz-
ing the composition of either the glass or plastic fibers for daylight transmis-
sion.

Several general issues recur in examining light guide systems. First, as stated
previously, there is a relationship between guide selection and
collection/concentration optics. For example, small diameter fiber optic systems
would require concentrating collectors to introduce adequate amounts of luminous
flux to a space through a small cross-sectional area. The*intensity of incident
sunlight (10,000 footcandles) is 200 times the required illuminance levels in a
typical building. Therefore, in principle, a square foot of sunlight can light
200 ft2 within a building. However, optical system losses will reduce this by a
factor of 2, and the intensity of beamed sunlight varies considerably depending
upon atmospheric path length, 1local atmospheric conditions, and cloud cover.
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Thus, on the average much lower ratios between collection and use would be
expected. This in turn sets limits on the fraction of floor area that must be
devoted to light guide area. In some buildings, the light guide cross section may
be introduced at the exterior of a building or in core areas that will not be otn-
erwise used. However, in some cases the guides will usurp valuable rentaple floor
space, which may severely 1imit economic viability. The light guide cross section
can always be made smaller at the expense of increasingly sophisticated concentra-
tion systems. At the point of collection, conversely, no concentration is needed
and sunlight at its original intensity can be introduced if there are no limits on
the guide cross-sectional area. At the present time, there is enough uncertainty
both in the performance and the potential cost of both the concentration collec-
tion systems and the guide systems, so that no single option or combination of
options is clearly preferable.

SUMMARY AND RECOMMENDATIONS

Daylighting design strategies can be conveniently categorized by their zone of
influence in a building. Simple "perimeter zone" sidelighting and toplighting
attempt only to introduce light a relatively short distance from the window or
skylight source (less than 25 feet), and should be accomplished without extraordi-
nary measures or techniques. Providing daylight in zones adjacent to perimeter
zones (20 - 50 feet) requires improved designs and/or materials to properly
transmit and distribute the light flux. Providing daylight more than 50 feet
beyond an aperture will generally require specialized optical systems for light
collection and transport.

Perimeter Zone

While a variety of solutions are workable in perimeter zones, there is a need to
define, test, and standardize cost-effective solutions whose basic elements can be
reproduced with minor modifications to suit case-specific requirements. For exam-
ple, for an open landscaped office with west-facing window wall, ten-foot-high
ceiling, and no exterior control devices, it should be possible to identify a
series of workable standard fenestration/lighting control options whose features,
cost, and performance may all vary. These might be presented in a case study book
format showing real buildings incorporating these solutions. These standard
designs would greatly facilitate the work of the average designer who lacks exten-
sive experience in this area. Each proposed standard design should also meet some
minimum criteria for lighting quality, etc. In the case of a simple skylighted
building it should be possible to visually and quantitatively represent tne
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effects of a variety of simple skylight/lightwell and roof monitor designs so that
once again their relative performance (energy, coét, structure, etc.) could be
readily compared. All case study books should stress design alternatives and
their performance differences as opposed to recommending the “"best" solution in a
given circumstance.

Intermediate Zones

A similar compilation of designs would be useful for intermediate zones, but more
basic research (illuminance modeling, new materials and devices, etc.) may be
required to first generate workable solutions. For example, research oriented to
refine and establish the performance potentials of light shelves is needed, as are
studies to determine the effectiveness of sloped ceilings. Many of the somewhat
speculative ideas mentioned in this section must be adequately researched to
determine if they are indeed workable solutions. These include the active optical
devices for projecting beam sunlight into spaces and systems to 1ink fenestration
and lighting control systems. There are opportunities to develop new products
and/or new systems for incorporation into buildings. Once the performance
analysis or product development work is completed, it will again be important to
package detailed design and performance data on these systems so they may become
standard options for consideration in many building designs.

Space Enclosure Systems

Atria, circulation malls, fabric structures, and other unique but well-defined
spaces in nonresidential buildings provide special daylighting opportunities and
problems. Atria are now widely used in buildings, with little technical basis for
many of the designs, although energy efficiency is often cited as a rationale for
them. Research and design studies into nearly all aspects of the lighting and
thermal performance of these diverse elements will be necessary. Careful monitor-
ing of these spaces in existing buildings would provide the complementary informa-
tion and feedback needed to refine design studies. Two critical and potentially
conflicting energy performance issues, daylight illuminance and solar-induced
cooling loads, must be resolved through analysis and field measurement projects.
Some space enclosure systems provide very large and often unmanaged glazing which
may result in large cooling loads and thermal discomfort. At the other extreme
many atrium spaces that penetrate deep within the structure of a building may look
good to the people circulating in the space but may not provide adequate illumi-
nance intensity for plant growth, thus requiring extensive supplementary electric
lighting.
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Advanced Optical Systems

Research on advanced materials and designs for daylighting deep within puildings
is at an early stage. While a number of theoretical studies have been published,
there is little systematic or extensive investigation of this field. In recent
years several DOE-supported studies have been initiated but have not yet pro-
Qressed to the point of producing definitive results. If successful solutions can
be found these approaches do have the potential of increasing the impact of day-
light utilization in some building types where it would otherwise be impractical.
This would be particularly appropriate in densely built-up areas where the verti-
cal surfaces of buildings have limited sky view but where there is access from the
roof. Research is needed in four general areas.

© Optical systems analysis studies: Studies to jdentify the critical perfor-
mance requirements for system components and elements and the cost targets
that must be met if these systems are to be economically viable. This should
also include the architectural and other building constraints imposed in the
operation of such systems. A major element in this area is the problem of
integrating electric lighting controls with the operation of these daylight-
ing systems.

@ Collection/concentration systems: Optical systems to collect and concentrate
light for introduction into transmission systems. This would include
engineering development of known systems as well as investigations into newer
optical systems such as holographic or fluorescent concentrator systems.

® Transmission systems: Analysis of the materials issues, and the design and
performance of alternative light guide systems for varying building applica-
tions.

e Distribution systems: Development of appropriate optical elements to effec-
tively utilize the light delivered to the point of use by a light guide sys-
tem. This may also involve integration with existing electric lighting sys-

tems.

6-20



Section 7
PERFORMANCE ISSUES: RESOURCE ASSESSMENT

INTRODUCTION

The availability of the daylight resource is critical to effective utilization of
daylighting since it is a driving function for the daylighted space. Compared to
other climatic data, the existing base of knowledge in this area is almost nonex-
istent. Although there are a number of meteorological stations that collect solar
radiation data, there are no stations in the United States now collecting daylight
availability data on a continuous routine and basis. The only such data now being
collected is by several research groups, none of which are located in New York
State. Calculation techniques are available to predict daylight illumination from
first principles, and other techniques are available to convert radiation data
into illumination data. But without a source of direct measurement for com-
parison, the accuracy and reliability of these techniques for any given location
is still open to question. These techniques are discussed below.

Two aspects of daylight utilization make the determination of daylight availabil-
ity more troublesome than an equivalent determination of solar radiation. Unlike
solar radiation values for a building, which tend to be averaged over time because
of thermal mass effects, daylight phenomena should more properly be viewed as a
series of instantaneous events. Daylight values must always be averaged with cau-
tion because averages can lead to misleading conclusions. Second, many daylight-
ing designs are driven by the diffuse light component rather than direct sunlight;
there is much greater uncertainty in the magnitude of the diffuse component than
in our understanding of beam radiation or the total radiation environment.
Landscaping and other obstructions alter the local 1light environment, as will
microclimatic atmospheric effects such as air pollution. These effects make
highly accurate site-specific data impractical to obtain for any large number of
areas.

As with other aspects of the daylighting field, there is a need for additional
data and additional analytical methods to accurately predict daylight availabil-
ity. However, given the limitation to absolute accuracy discussed previously, the
data we now have from several sources are probably adequate for many uses. Infor-
mation on daylight availability is thus not a critical limiting factor in design,
but an area in which additional information would facilitate most design and may
be necessary to help refine possible future designs that are more sophisticated.
In addition, since daylighting availability data requires a cumulative record that
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can only be created over a number of years, it is important to start such measure-
ments now so that the data base is available when future needs emerge.

DATA REQUIREMENTS

The term daylight availability refers to a number of different measurements of
_avai]ab]e illumination from the sun, sky, and ground. The type of data desired,
its reliability, and level of detail required are all highly dependent on the
jntended use. The first need for availability data is for predesign analysis of
building concepts. In this instance the requirement is for a limited data set
that allows a designer to quickly and easily characterize the performance of an
architectural design. Typical daily values may be useful, as well as annual
curves or frequency of occurrence of a range of various exterior illuminance con-
ditions.

To compare and evaluate alternative architectural strategies early in the design
process requires standard design conditions or design events. These would include
typical patterns of overcast sky, clear sky, and possibly partly cloudy condi-
tions. These conditions would be expected to vary over the course of the year.
At a minimum, horizontal illuminance values are required, and vertical illuminance
values would be more helpful. These data are useful directly for analysis of the
illuminance patterns in buildings. It may also be important to evaluate solar
gain at the same time that illumination is considered under design conditions.
For these purposes it would be necessary to have equivalent solar radiation values
for the design conditions.

Energy calculations require a different level of availability data. In this case
the interest is in performance over time, and techniques to average or sum perfor-
mance are essential. One approach is to use numbers of clear, partly cloudy days
to modify energy results obtained for typical daily sequences of conditions.
Another similar approach is based on percent sunshine (rather than cloud cover),
which is available in some locations. Limited data of both sorts are available
for New York State locations. Availability data requirements for hour-by-hour
energy analysis models differ from data needs for simplified energy models. The
standard techniques now utilized in DOE-2.1B rely on either first-principle calcu-
lations within the program or conversion from radiation data. These are discussed
in more detailed in the section on calculation models.

The final concern, although not as critical as those discussed above, is the vari-
ability of daylight over both short and long time scales. In designing time
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delays in lighting control systems, it is important to be able to estimate the
probable range of daylight levels over very short time intervals. There are few
or no data of this sort available at the present time. At the other extreme,
long-term trends in daylight availability may also be important. Some suburban or
rural locations may become more polluted and alter daylight availability levels
over time as industry expands. On the other hand, areas with high existing indus-
trial content may over time reduce air pollution emissions and thus increase the
availability of daylight within the local microclimate.

DETERMINING ILLUMINANCE LEVELS OUTDOORS

Two approaches are now used for determining illuminance levels outdoors. The
first is a calculation of illuminance based on the physics of atmospheric scatter-
ing, including an accounting for key microclimate parameters. The second approach
assumes that an existing body of solar radiation data can be converted to an
equivalent body of illuminance data. The strengths and weaknesses of each
approach are described below.

Standard Sky Calculations

Standard sky conditions have been created by a number of different researchers,
most noticeably by the Commission Internationale de 1'Eclairage (CIE). Their
definitions of standard overcast and clear sky conditions are widely accepted by
both researchers and practitioners throughout the world. Their approach starts
with a definition of a sky luminance distribution for overcast and clear condi-
tions. Equations for these conditions are well-documented. The illuminance on
any oriented surface is then calculated by direct integration of the sky luminance
contribution as seen by that surface. The sky luminance distributions are given
relative to zenith luminance values. Thus, the illuminance on an arbitrary sur-
face is defined in terms of a zenith luminance value. The task remains to deter-
mine zenith luminance as a function of atmospheric parameters. A number of equa-
tions have been proposed for zenith luminance under both overcast and clear condi-
tions, but none of these is universally accepted. In principal zenith luminance
is dependent on atmospheric water vapor and turbidity. While atmospheric water
vapor can be readily calculated from other available climatic data, the available
data on turbidity are limited. For, example, in the DOE-2.1B simulation model
turbidity data for typical values for several New York locations are given. From
the calculations described above or from direct measurement, horizontal or verti-
cal illuminance data can be described by a set of equations. Long-term measure-
ments of these values are being made at four locations in the United States:
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Lawrence Berkeley Laboratory, Solar Energy Research Institute, National Bureau of
Standards, and the Florida Solar Energy Center. Various predictive equations,
models, and data sets have been developed by each group. Work is under way to
compare results from these measurements and those of research workers overseas.
The output of these efforts will likely be several usable models for determining
illuminance on vertical and horizontal surfaces, although it will probably be some
time before universally accepted formulae are developed. A daylighting subcommit-
tee of the IES Calculating Committee is publishing new recommendations for stan-
dard availability data. It seems likely that over the next year or two, the lim-
ited group working in this field will develop some concensus for improved availa-
bility models. It would be useful to add one or more sites in New York State to
this network to extend the rather limited data base that is now being developed.

Determination of illuminance under partly cloudy conditions is more of an art than
a science. There are no accepted procedures for determining these illuminance
values, although the standard approach has been to average clear and overcast con-
ditions. While this may give reasonable results under some conditions, it can
produce large errors under other conditions. Another alternative is to divide all
partly cloudy conditions into either clear sky or overcast depending on whether
direct sun is visible. Even under complete overcast, the thickness of the cloud
layers will tremendously influence the illuminance on vertical and horizontal sur-
faces. In the final analysis it may only be possible to predict illuminance under
partly cloudy conditions on some statistical basis with the long-term average of
the calculation agreeing with long-term measured averages.

Conversion from Radiation Data

Where measured or calculated solar radiation is available, it is possible to
derive illuminance values by converting from radiation values. The approach works
best if the available solar radiation includes direct beam and a measured diffuse
component. If the measured value available is global horizontal radiation, the
task of separating diffuse and direct introduces potentially large errors in
determining the diffuse component. Most calculation methods dealing with the dif-
fuse component assume an isotropic sky source, although this is known to be a poor
assumption under both overcast and clear conditions. The 1luminous efficacy
(Tumens/watts) of solar radiation can then be determined separately for the beam
component and the sky component.

There is a large body of data on the subject of efficacy, much of which is only
marginally in agreement. Approximate efficacy values are 11U lumens/watt for
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overcast skies, 125 for clear sky conditions, and approximately 90 to 110
lumens/watt for direct beam radiation, depending on solar altitude. As a source
of light, daylight has approximately the same efficacy as the most efficient elec-
tric 1ight sources. Luminous efficacy may be altered by reflectance from special
materials or by transmission through special glasses and coatings.

EFFECT OF LANDSCAPE AND OBSTRUCTIONS

The effect of the immediate area surrounding a building and adjacent obstructions
on available daylight also is not well understood. Some common landscape materi-
als have been characterized in terms of reflectance, but data on other materials
are generally unavailable. In an urban environment the average reflectance of
adjacent buildings becomes a critical issue. Reflective glass buildings may have
a specular reflective contribution in addition to diffuse reflectance. In a more
rural or suburban environment, particularly in northern climates, snow on the
ground can tremendously effect daylight values. Reflection from snow may have a
strong specular component, unlike many other landscape materials. The net result
is that it is possible in some orientations, particularly north, to find the
ground contributing more light to a space than the blue sky itself under clear
conditions. For regions that are substantially snow-covered during many winter
months when available sky illuminance is minimum, knowledge of these ground-
reflected effects would be useful in enhancing the effectiveness of daylighting
designs.

SUMMARY AND RE COMMENDATIONS

Additional data on daylight availability are required to assist in the design of
efficient daylighted buildings. Although data are now available from a number of
sources, they are not always available in the format that would be most useful at
several different points of the design process. It would therefore be useful to
develop a resource book that provides daylight availability data in several dif-
ferent formats that would be of use to designers. Since it is hoped that improved
techniques for determining daylight availability will be emerging over the next
few years, this source book could be compiled in a way as to allow it to be easily
updated as better data are developed. It is important that much thought be given
to the type of data necessary and the presentation format. In parallel with this
short-term effort to produce immediately useful information, direct collection and
evaluation of daylight availability data should also be initiated, preferably in
several locations. From a practical point of view the locations should be chosen
on some population-weighted basis. From a scientific point of view, it would be
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more useful to find several varying climate locations. Rather than developing
this data collection capability at a new location, a more effective way would be
to try to add daylight sensors to buildings that are already being monitored, or
work with universities or other groups who have already embarked on solar radia-
tion collection programs. Instrument maintenance and data reduction are extremely
~important issues if the measured data are to be used effectively. These projects
should be linked to other ongoing national studies to maximize the potential for
comparing data from different locations. ‘
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Section 8
PERFORMANCE ISSUES: THERMAL CONTROL

BACKGROUND

Although cooling is the predominant energy consumption factor in climate control
of many commercial buildings, heating loads are still important issues and may
represent the greatest source of energy consumption in small buildings and in
buildings located in northern climates. The importance of heating is further
reduced to some building owners because the fuel used is much cheaper than
equivalent energy from an electric source. However, in all New York State climate
regions heating loads are sufficiently important to be addressed.

Any aperture that penetrates an insulated envelope of a building creates the
potential for heat loss. Windows and skylights have historically been viewed as
the weak link in the envelope thermal integrity. The U-value (or heat transfer
rate) of windows and skylights is generally 5 to 20 times higher than that of a
well-insulated wall. So under peak heating conditions, windows contribute a
disportionately large share to the building heat loss. However, the complete per-
spective on heating Toads must account for building operating conditions and the
useful solar gain that windows contribute. From a thermal perspective alone this
introduces several new levels of complexity. Adding daylighting concerns to this
picture further complicates an energy analysis study. Control of electric lights
in response to daylight will mean that internal loads are reduced, thus increasing
heating energy requirements relative to the identical building in which Tights are
not controlled. However, a nondaylighted building might also utilize different
fenestration solutions that have inherently lower heat loss, so the alternatives
that are to be compared are not obvious. We discuss below some of the key issues
relating to control of thermal losses through fenestration and then describe
existing and new fenestration solutions to control heat loss.

KEY ISSUES SURROUNDING CONTROL OF THERMAL LOSSES

Heat Loss Rates and Heating Fuel Requirements

The instantaneous heat transfer rate through a window is not necessarily a good
indicator of the net heating fuel requirements. We can illustrate this point by
reviewing several heating situations in a building. Assume a cold and cloudy
winter day in which there is a net heat loss across the window element in the
building. The net heat loss is calculated by determining the conductive transfer
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across the window (based on U-value) and subtracting from that any solar radiant
gain that might occur even from an overcast sky. During night hours, of course,
the conductive Toss is the only significant heat transfer component, assuming air
leakage is minimal. The building heating and cooling system, however, does not
respond to the performance of the window alone but to the thermal requirements for
each zone in the building. In the perimeter zone the net energy balance is deter-
mined by the windows, walls, roof and floor where appropriate, ventilation or air
leakage loads, and internal gains. It is possible and even likely that during the
year conductive losses through the skin of the building are more than offset by
internal loads. This was particularly true when lighting loads ranged from 3 to 5
watts/ftz. Thus, even though the fenestration at a given moment is losing thermal
energy, the zone as a whole may show a net gain and may require cooling rather
heating. Building heating and cooling systems must act to satisfy the net heat-
ing or cooling loads occurring in that zone.

The response of HVAC systems is highly dependent on the specific details of the
system. Buildings that have simultaneous heating and cooling loads and primitive
control systems tend to provide heated and cooled air to all parts of the build-
ings and meet loads by mixing appropriate quantities of heated and chilled air.
This is an inefficient way to provide space conditioning, but represented standard
practice in buildings until the 1970s. Most older buildings have perimeter sys-
tems that offset heat losses through the outer wall when cooling might be called
for deeper within the zone. These systems were provided as much for thermal com-
fort as to control net heating loads. The temperature of single glazing in a
building in a cold climate will be substantially lower than the interior air tem-
perature, thus reducing the mean radiant temperature of the space and requiring
raised air temperatures to provide equivalent thermal comfort. Perimeter heating
systems located under the windows provided heat to offset these effects. One can
see that the net heat loss at the window may not transiate into a zone nheating
requirement, and conversely, even without a heat loss at the window, older build-
ings may require heating energy.

Once a demand for heating is generated, the HVAC system converts fuel input to
delivered heat with different efficiency factors. First, with some loss of effi-
ciency, the input fuel is converted to heat in a boiler, and then the distribution
system that delivers steam, heated water, or air also engenders systematic losses.
Pumps and fans represent further parasitic losses and add to the inefficiency of
the heat delivery. By the time net heat is delivered to the occupied space, sys-
tem heating efficiencies of 50 to 70% are not uncommon, and sometimes run even
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Tower. Thus one unit of heat energy demand in an occupied space may require 1.5
to 2 units of heat as input fuel.

Building operation and control strategies also effect the translation of zone
'heating requirements into building fuel input requirements. Many older buildings
ran 24 hours a day with lights on and temperatures maintained at constant levels
throughout the work week, and occasionally over the weekends as well. Most office
buildings and many other building types have more limited hours of occupancy. A
standard office may be occupied less than 50 of a total possible 168 hours per
week. New strategies to minimize energy consumption turn off the HVAC systems
during unoccupied periods, letting temperatures float up in summer and down in
winter to a point well outside the comfort range during occupancy. In the heating
mode, this frequently results in a lower set point of 55° for unoccupied periods.
The heating system may be turned on somewhat earlier in the morning in order to
raise the air temperatures back to comfort level before people arrive in the
building, but this strategy still generally saves energy relative to constant 24
hour temperatures. This means that apparent heat losses that occur at night (when
the coldest outdoor temperatures are frequently experienced) do not necessarily
result in net heating energy requirements in the building.

I summary, simple estimates of heating requirements based on U-values and degree
days may not provide reliable estimates of the heating loads imposed on buildings
or the load component contributed by fenestration. In addition, HVAC systems and
building operational strategies can also substantially modify the translation of
architectural heating loads into fuel input requirements. We discuss sample
results based on hour-by-hour energy analysis in another section of this report.

PEAK LOADS

In Section 4 the impact of daylighting and fenestration on electrical peak loads
is discussed. If heating energy is provided to the buildings through direct elec-
tric resistance heating or heat pump systems, heating requirements may contribute
to a building peak in those areas that experience winter peaking electrical loads.
Even in the case where electric peak demand is not an issue, peak heating loads
may dictate the size of air distribution system, including fans and air ducts.
Unlike chiller systems, the incremental costs of boilers is not large, but the
direct and indirect costs of air distribution systems (as well as their operating
costs) can be substantial. Increasing peak load without an increase in average
load also means that the boiler systems will operate at a lower, part-load effi-
ciency on the average. This too results in less efficient use of input fuel
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requirements.
DAYLIGHTING EFFECTS ON HEATING REQUIREMENTS

Electric lighting systems provide heat to occupied spaces, and in the heating sea-
son this energy is an important element in the thermal balance of the building.
Reducing the energy input to the electric lighting system as part of a daylighting
strategy (or for any other reason) alters the thermal balance in the space and may
produce an increase in net heating energy requirements. Older buildings with very
high installed lighting loads (3 to 5 watts/ftz) generally have excess heat even
on a cold winter day. Moderate reduction in the electric lighting usage in such a
space would probably not drop the space from a cooling mode to a heating mode.
Newer buildings, however, with 1.5 to 2.5 watts/ftz, will operate closer to the
switching point between net cooling and heating loads. Moderate reduction in
these buildings based on daylighting strategies may be enough to move the building
from a net cooling requirement to net heating.

Although the general trend described above is clearly definable, specific quanti-
tative effects are more difficult to estimate. Not all the energy consumed by an
electric lighting system is available to offset space heating loads, therefore not
all the energy reduction due to daylighting will be translated into a higher heat-
ing load. The relationship between energy consumption in the electric lighting
fixtures and impact on heating and cooling loads is a function of the electric
lighting system, the HVAC system, and other thermal properties of the buildings.
An example is a conventional office design with a nine-foot ceiling in the occu-
pied areas, and recessed 1ight fixtures in the 1ightweight ceiling, with a plenum
space of approximately 3 feet above the fixtures. A fraction of the energy con-
sumed by the lighting fixture is emitted by the lamps as visible and invisible
radiation. Another fraction is lost as heat from the lamps and ballasts. All the
radiant energy leaves the fixture, but some fraction of the convected and con-
ducted energy warms the air in the plenum above. In buildings where the plenum
space is used as a return air duct, this heat contribution will be transferred
back into the return air stream. In situations where the return air is recovered’
through insulated ducts, this heat may warm the plenum space and indireét]y the
Tioor z2uove, but will not be directly seen in the return air stream. Some designs
utilize heat recovery fixtures in which the return air flows through the fixture,
cooling the lamps and ballasts and improving lighting system operation. An alter-
native design, less used today, provides water cooling to each fixture to remove
heat from the fixture that could be utilized elsewhere in the building. A typical
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value for the fraction of 1ighting energy that enters the space would be 60%.
Thus, utilizing daylight to reduce electric 1lighting requirements by a given
amount might increase the heating load up to 60% of that amount. These values are
still the subject of some uncertainty and will be examined in a research project
on lighting and HVAC interactions that is supported by the Electric Power Research
Institute.

Although a number of writers have used this argument to minimize the savings from
daylighting, it will almost always be more efficient and cheaper to provide the
additional heating energy requirement through the building heating system than
through the lighting system. The best strategy will generally be to use the most
efficient lighting hardware feasible, get the greatest benefit from daylighting,
and then make up whatever additional heat is required using the building heating
system. Note that 1in office designs based on interior 1landscaping and
task/ambient furniture-mounted systems, all the electrical consumption in the
electrical lighting system will show up in the space energy balance.

ARCHITECTURAL SOLUTIONS FOR THERMAL CONTROL

We divide the range of possible architectural solutions to control thermal losses
into three major categories: exterior devices, glazing systems, and interior dev-
ices. In each category we briefly review existing options, their impact on day-
lighting strategies, and new innovations in the field.

Exterior Devices

Exterior devices to close openings in buildings existed long before glass was
invented. In the recent past in the United States, for cost as well esthetic rea-
sons, exterior insulating devices such as movable panels or insulating shutters
have not been very popular. We consider two general classes of devices, one that
includes those devices that provide some insulating value but were designed for
sun and glare control, and the second that includes devices specifically added to
control thermal losses. In the first category are a variety of shading screens
and operable exterior venetian blinds that provide modest reductions in building
heat losses. This is accomplished because they act as a barrier to radiant losses
and to the convective heat losses that tend to be wind-driven. To the extent that
these devices provide still air pockets or at least reduce air velocities at and
around the windows, these losses will be reduced. In general these approaches
rarely justify more than R-1 to an existing window. This would generally not be
sufficient to justify those devices for their insulating values only, but the
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effect is certainly welcome as an added benefit;

Hinged shutters, sliding shutters, and rolling shutters represent the second
category. The hinged shutter has by far been most common in the United States,
although these have been largely decorative and applied primarily to residences
and small commercial constructions.

Rol1ing shutters have been extensively used in European buildings, so we have some
basis on which to judge their performance. These devices perform a security func-
tion, provide sun control, and provide some insulating value, although they were
not originally designed for that purpose. They normally consist of a series of
extruded metal or plastic sections that retract into a roll at the top of the win-
dow opening. Newer versions are being manufactured with thicker cross sections,
with insulating foam filling the hollow cross section, and with tighter seals
between each element to improve thermal performance. Even with these improvements
the added insulating value of the shutter system plus air space will generally not
exceed R-2 to R-3. Added to single glazing, however, this will reduce the heat
loss by as much as 75%; by perhaps 50% when added to double glazing. These devices
are relatively expensive, but their costs can be justified because they provide
multiple functions. In  Tlarger installations, the devices are frequently
automated, but they can also be controlled from inside or outside the building,
with a variety of cranks, straps, and ropes. Rolling shutters are also available
with wooden slats. The thicker the slats, the more bulky the rolled device
becomes at the top of the window. In general, it is more difficult to incorporate
these devices as a retrofit than if they are planned into the design of the
facade.

Exterior sliding shutters have been used primarily in a few residential buildings
as a custom feature. A recent review of commercially available exterior insulat-
ing products suggests that such devices are not currently on the market. The
advantage of a sliding insulating shutter is that thickness should not be a prob-
lem, and it should add R-10 to R-15 to the aperture with a device less than 3
inches thick. Incorporating such a sliding shutter into the exterior facade of
the building represents difficult but not insurmountable problems. Stliding
shutters with slats for sun control have been used. For discrete windows in the
wall, shutters can slide from left to right. For continuous vision strips,
shutters can be moved into place vertically. An optimally designed shutter might
be partially translucent so that sunlight is admitted in the closed position.
Rolling shutters have a loosely closed mode that transits several percent of the
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incident 1ight. When tightly closed they become completely opaque. Like the rol-
ling shutters, sliding shutters systems could provide privacy and security as well
as some sun control, so their costs could be justified on more than thermal per-
formance. However, any shutter system that has a very low light transmittance
could not be used during the day without seriously reducing daylighting opportuni-
ties. If the systems are used during the nighttime only, their effective perfor-
mance will be reduced if buildings are operated in a floating temperature mode at
night. Optimal control strategies could be designed to tell when the thermal
losses from windows during the day exceeded the daylighting benefits. This would
imply that shutters might be closed on overcast days, but opened on partly cloudy
cold days when the daylighting benefit would exceed the reduction in thermal Tloss.
There is at this time no good technical guidance regarding optimal operating stra-
tegy for such a shutter system.

Glazing Systems

The primary control of thermal losses through fenestration has been relegated to
the choice of glazing system. The old standard of single glazing has been largely
replaced, both by building code and common sense, by double glazing and occasion-
ally triple glazing. In addition there is emerging a new family of products based
on the use of first- and second-generation films and coatings that will reduce
winter heat losses. In addition, new materials science technologies suggests that
in the future it may be possible to have thick insulating glass with the transmit-
tance of conventional glass, but with the insulating value of a solid wall.

Although single glazing is not generally the choice in new commercial buildings in
New York State, a large fraction of the existing building stock is only single-
glazed. Besides completely replacing the glazing systems, there are two
approaches to increasing the glazing insulating value. First, an additional sheet
of glass or plastic can be added to the inside or outside of the window. The
choice of glazing material depends on a number of economic, architectural, and
esthetic details. The second approach involves gluing a coated plastic fiim to
the existing glass area. These films were originally designed to provide a solar
control function; however, most manufacturers also offer a version having a low-
emittance surface that reduces heating load up to 40%. These first-generation
films use an aluminized coating on polyester, which is then protected with a
polypropylene overcoat. The polypropylene overcoat is transparent to longwave
infrared, thus producing the low-emittance interior surface. The U-value of a
single-glazed window can be reduced from 1.1 to approximately 0.8 under standard



winter conditions, gnd as low as 0.68 under mild winter condition.

Newer versions of these films offer much higher 1ight transmittance. O0lder pro-
ducts are highly reflective, providing only as much as 20% light transmission.
Two new products extend this range to above 50% visible transmission while still
providing some solar control. These differ from the transparent heat mirrors dis-
cussed in the following section largely because they are at least partly reflec-
tive in the solar spectrum. We can expect to see most of the major solar control
manufacturers offer an increased selection of films that combine low-emittance
surfaces to control heat loss with. higher visible 1ight transmittance. Clear
guidelines on the best use of these products must be developed in order to optim-
ize their use. The solar film industry has been the target of an investigation by
the Federal Trade Commission because of confusing, if not misleading, advertising.
The advent of additional fiilm types will add to that confusion unless the new per-
formance attributes are clearly identified.

Double- and triple-glazed windows reduce heat transmittance by virtue of the insu-
lating value of the air space contained between tne glazed layers. The glazing
itself may be clear, tinted, or reflective, or various combinations. The heat
loss rate is largely determined by the spacing between the glass layers and by the
presence of metallic coatings on any of the glazing layers. Double- and triple-
glazings can be made in two general ways. The multiple glass layers can be her-
metically sealed with metal spacers separating the panes and organic sealants
enclosing the glazed package at its edges. Desciccants are normally added to
absorb moisture and other gases in the sealed air space to prevent fogging.
Spaces are kept as small as possible to reduce the size of the unit and to
increase the lifetime. This may result in a degradation in thermal performance
because air spaces less than one-half inch in thickness begin to have a rising U-
value. At a quarter-inch thickness, thermal performance of a double-glazed unit
is degraded by about 20%. Multiple-glazed units can also be made with each glaz-
ing layer in its own sash and frame element. In these designs the spacing between
the layers may be much larger and in some cases may incorporate a venetian blind
or other sun control device.

Reflective coatings in the air space in multiple-glazed windows reduce the heat
transfer rate below that of identical windows without the coatings. The metallic
films provide a low-emittance surface that reduces radiative transfer in the same
way as the coated plastic films for single-layer windows. These window systems
are generally highly reflective, and the metal layer provides the solar



reflectivity. These metals are frequently fairly fragile and are therefore
enclosed in sealed glass units. Single-glazed reflective units utilize other
coating systems that do not generally provide the same degree of longwave infrared
reflectivity. The addition of a reflective metal coating to a double-glazed win-
dow reduces the heat transfer rate to the value of triple glazing. Note also that
the visible transmittance of these systems is normally very low.

Approaches to reducing thermal losses from fenestration can be rodgh]y divided
into two broad categories: improving the thermal resistance of the glazing ele-
ments themselves, or adding exterior or interior devices to improve thermal per-
formance. The advantage of the latter approach is that the same devices that pro-
vide thermal control may also provide solar control, privacy, or some other func-
tion. This spreads the cost of the device over a larger number of functions. On
the other hand, these approaches tend to reduce light transmittance and may inter-
fere with view. For this reason, there is much interest in improving the intrin-
sic thermal performance of glazing systems without degrading 1ight transmission or
any other desirable window feature. In this section we describe several new glaz-
ing systems that have been recently introduced or that look promising in research
laboratories. The emphasis of this section is on intrinsic glazing solutions, but
we include a short section on new approaches to interior and exterior thermal con-
trol devices.

If we take conventional double glazing as a base case, new thermal improvements
will emerge from an examination of its thermal performance characteristics. Oppor-
tunities exist for reducing thermal losses on the inner and outer surfaces, in the
glazing material itself, and in the air space between the glazings. Major modifi-
cations to the exterior surface of the glazing are difficult because this affects
its appearance, and any solution must withstand direct sun, wind, rain, and other
environmental assaults. Similarly, modifications to the interior surface will be
subject to periodic cleaning, indoor air pollutants, fingerprints, and other fac-
tors that might degrade performance. Glass itself has a very high conductance but
good mechanical strength, resistance to abrasion and corrosion, durability, high
clarity, and low cost relative to other solutions. Although p]éstic has a Tlower
conductance, in the thicknesses that are practical for window systems this has
very 1ittle useful effect. Research on foam-1ike materials that have the clarity
of glass but much better insulating values 1is discussed later. However, this
material is relatively fragile and must be protected by glazing layers on either
side. Thus, we turn our primary attention to opportunities for improving thermal
performance by reducing heat transfer in the air space between double glazing.
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Heat transfer in a double-glazed cavity occurs by radiation and by a combination
of conduction and convection. Under typical winter conditions, approximately 60%
of the heat transfer is due to radiation, with the remainder a conduction-
convection effect. Radiation transfer occurs between the two inside surfaces of
the sheet of glass, the glass itself being opaque to longwave radiation. Since
the air in the gap is transparent to thermal infrared radiation, the radiation
transfer is independent of gap size. On the other hand, conduction/convection
processes are highly dependent on the gap dimension and to a lesser extent on the
overall slot geometry. Most strategies for improving window thermal performance
revolve around techniques to reduce or control longwave infrared transfer between
the pane and/or conductive/convection transfer across the air gap. Since radia-
tion is the dominant heat transfer mode, the most obvious strategies involve
reducing radiative transfer. Reducing convective transfer without a change in
radiative properties will not produce substantial improvements. In fact, if all
convective/conductive transfer was eliminated using a vacuum between the panes of
glass, heat loss would be reduced by only about 40%, bringing the performance of
the double-glazed window to a level slightly better than that of triple glazing
but not as good as quadruple glazing. We will discuss the pros and cons of
several approaches to reducing heat transfer in the air gap between double glaz-
ing.

CONVECTION SUPPRESSION

When the gap spacing is very small, heat transfer occurs by conduction only. As
the gap spacing is increased, heat transfer by conduction is reduced, but at the
same time natural convection currents start in the air gap, thereby increasing
heat transfer. The net result is that the heat transfer rate drops at first as
the air space thickness increases, reaches a minimum at about 1/2 to 1 inch in
thickness, then rises gently and levels off up to a width of several inches.
Aside from evacuating the air space, strategies to reduce convective/conductive
transfer involve replacement of air with a gas having lower conductance and/or
less convective heat transfer, or strategies that divide the air space into a
number of spaces which, taken together, increased thermal resistance.

The simplest example of the latter strategy is conventional multiple glazing.
Adding additional layers of glass, each with an air space of 1/2 inch, increases
the total resistance of the glazing unit. Each added air space provides an addi-
tional R-1 value to the glazing unit. The difficulty with this approach is two-
fold. First, each additional layer reduces the solar gain through the window

8-10



system by about 15%. Second, the size and weight of the window system become
unacceptably large when more than three or four glass elements are used. In prin-
ciple, it might be possible to use very thin glass as a third or fourth layer
between two outer glazings of conventional glass. However, large sizes of such
thin glass are not routinely manufactured, and the handling and installation of
the unit might prove to be a problem. An alternative is to add inner glazing
layers made of thin plastic films, typically 1 to 5 mils in thickness. The film
of choice for clarity, cost, and weatherability is polyester terephthalate (PET).
However, PET has a higher index of refraction than glass and, although its absorp-
tion is low, it transmits only about 85% of the solar spectrum due to the high
surface reflectance losses. However, it is possible to treat the surface of PET
to reduce those losses, resulting in a high-transmittance film that maintains the
"other desirable properties of the base polyester. A film of this type is manufac-
tured by 3M Company and has been incorporated into commercially available systems.
The antireflectance coating is made by steam oxidation of an aluminum film,
resulting in an dendritric-film structure that acts as a graded index antireflec-
tion film. The film itself should be relatively durable but must be protected
from mechanical damage by placement within the sealed glass unit. Note that while
the thermal performance of this window system with equal air spaces is slightly
worse than the equivalent all-glass structure, if the units are compared on the
basis of total overall exterior dimension, the performance is about equal. This
is because the thin plastic film takes up less of the air space and allows larger
air gaps than in the case of conventional triple glazing. The transmittance of
the entire assembly could be increased if low-iron giass was used for the inner
and outer glazing layers. A quadruple-glazed unit with inner and outer glass
layers and two intermediate plastic films will have U = 0.26 (R4) and a solar
transmittance of 0.6.

An alternative approach to creating a series of parallel air spaces is to divide a
larger air space into cells of sufficiently small size so that the air within each
cell operates largely within a conduction regime, with minimum convective heat
transfer. This can be accomplished by dividing a thick window into a series of
stacked air spaces. Research results from Berlad et al. suggests that R-10 win-
dows are possible if the air space dividers are themselves insulated slats with
low-emittance surfaces. Interferometric studies reveal that the ~éir space
geometry achieved characteristic of conductance only. In the configurafidns stu-
died, the slats are designed to be closed at night so that they overlap in the
center of the window, providing additional insulation but eliminating the view.
The study concluded that in the open mode small clearances between the slats and
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each glazing layer are permissible, without degrading thermal performance. A
similar concept utilizes transparent polyester material to divide the air space
into triangular and rectangular cross sections. Test results show that R-5 values
can be obtained with some loss of visual clarity. The system is unlikely to be
economically viable unless the assembly process can be simplified and automated.

There is much literature on the use of honeycomb systems in flat plate collector
covers to reduce heat loss. If the requirements on view out of the window are
relaxed, many different cellular or fibrous materials can be introduced between
glazing layers to reduce heat 1loss. Normally, as the idinsulating value is
improved, the visible transmittance decreases substantially.

The other major approach for reducing convective/conductive is to substitute a
low-conductance gas for the air in conventional windows. By selecting gases with
the proper conductivity and kinematic viscosity, heat loss can be reduced. Note
that as the air space increases, air itself performs reasonably well. However,
for small air spaces there are a number of gases such as argon, krypton, sulfur
hexafluoride, freon, etc., that show improved performance. The only major appli-
cation of this technology in the United States is the use of carbon dioxide in
insulated glass units that have sealed glass edges and relatively small gaps.
However, in Europe more than 100 manufacturers of insulated glass use gases such
as argon, sulfur hexafluoride, and freon to improve the thermal performance of the
units. Although the performance improvements are only modest, the incremental
costs are small. Such a strategy assumes that the hermetically sealed units are
able to contain the injected gas over long periods of time.

It should also be possible to combine the use of low-conductance gas with one of
the physical barriers described above. For example, a double-glazed unit with two
plastic inserts (and therefore three air gaps) could be constructed with a rela-
tively small air gap and still have a lower U-value than conventional quad glazing
if it contained a'gas such as krypton.

RADIATION SUPPRESSION

Control of radiative heat transfer across the air space of a double-glazed window
has been the subject of much research and commercial activity in the past six
years. It has long been known that the use of a low-emittance film in an enclosed
air space will significantly reduce the heat transfer rate. The highly reflective
metallic films used for solar control purposes in sealed glass units show this
effect. However, a more desirable product is a low-emittance film with relative
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high transparency to the solar spectrum or at least to the visible spectrum.
These films have been termed "heat mirrors" because their primary function is one
of trapping heat within a space by reflecting longwave infrared radiation. The
low-emittance (low-E) film optimized for winter heating purposes would have low
emittanée, on the order of 0.1, and a high transparency to the full solar spec-
trum, preferably 70% or above. A low-E film useful in an office building, how-
ever, should provide a reduction in U value and some sun control but maximize
visible light transmission. The coating broperties would thus switch from being
transparent to reflective at about 0.7 microns, which is the limit of the visible
spectrum. In general, there is a tradeoff between minimizing the emittance of the
film and maximizing solar transmittance. It is easier to provide a Tow-E film
with Jlow solar transmittance than it is to provide the same emittance with high
solar transmittance. In the section that follows we refer to the film optimized
for winter heating as a transparent low-E film, and to the film optimized for com-
mercial building applications (e.g., aay1ight transmittance with some sun control)
as a selective low-E film. The larger and more obvious market has been the tran-
sparent low-E films for use in residences in cold climates. However, in the last
two years there has been increasing interest in the selective low-E films for day-
1lighting applications.

Low-E films can be used in two ways in window systems. The film can be applied
directly to a sheet of glass, which is then incorporated into a double-glazed
unit. The films can also be deposited on thin plastic, typically PET, which can
then be either glued to the window surface or suspended vertically in the air
space as a third glazing layer. In typical applications, the addition of a low-E
film in an air space is approximately equivalent to adding another layer of glass.
A detailed discussion of the pros and cons of both types of film systems and win-
dow configurations is beyond the scope of this study. Both types, however, are
under development by a variety of manufacturers. The first product to appear on
the architectural market was a transparent low-E film on plastic produced by
Southwall Corporation. This product was designed to be incorporated into sealed
glass units as a suspended third layer. It has very good optical properties but
is not sufficiently durable for an exposed application. A selective low-E film on
plastic has been marketed by several films as an advanced solar control film with
higher transparency than conventional films. The product has reduced overall
transmission compared to a transparent low-E film but is selective for the visible
wavelengths, thus providing relatively high transmittance in the visible spectrum.
A number of manufacturers both in the United States and overseas are developing a
variety of coated plastic films. The problem is less one of producing the ideal
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optical properties, than insuring that both the low-t film and the plastic sub-
strate have sufficient durability under typical operating conditions. In addition
the product must compete in cost, so both the material and the deposition process
must be conducive to high production at low cost. The cost of producing the
coated plastic film is only a small component in the ultimate cost to the buildiny
owner of the complete window system. At present Tow-E films on plastics that are
sold by the film manufacturer at 50-75¢/ft2 appear at the retail level at an
incremental cost of $3-5/ft2.

High-transmission, low-E films on glass are beginning to be introduced to the
architectural market. Selective low-E films have been available in the European
market for some years, and have competed successfully with triple glazing. Glass
manufacturers have pursued two approaches to the application of low-t films to
glass. One approach is to apply the film with a vacuum deposition process. Due
~to the increase sophistication of transparent low-E films compared to conventional
solar control films, this has required major new investments in new vacuum deposi-
tion systems. Over the past several years Airco, a major manufacturer of glass
coating systems, has developed transparent low-E coatings that can pe produced Dy
glass manufacturers who purchase their deposition systems. These systems are
operating in Sweden, Canada, and in several plants in the United States and have
now been ordered by a number of other U.S. glass manufacturers. In 1983, glass
manufacturers began to offer transparent or selective low-E films in the architec-
tural market. Samples of such coated glass had been fabricated and used in exper-
imental buildings over the past several years but were not yet commercially avail-
able. Research in these fields is now directed toward further improvements in
coating properties, improvements in durability that would permit use in non-sealed
windows, and techniques for producing even cheaper coatings using non-vacuum-
deposition processes.

Once a low-E film is used in double-glazed windows the dominant heat transfer mode
in the.air gap becomes convection/conduction. Adding a low-conductance gas now
provides a more substantial improvement than if the gas was added to a window
without a low-E coating. The use of a low emittance coating .and gas in double
glazing can result in heat transfer rates in the range 0.25 - 0.3. The low-
conductance gas can serve two purposes. It can provide the same thermal perfor-
mance with what would otherwise have been a suboptimal gap, or it can reduce the
conductance substantially below the equivalent air-filled window. In addition to
the cautions described earlier in the discussion of low-conductance gases, one
must be sure that there is no reaction between the gas fill and the low-E
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materials. These gases can additionally reduce heat loss rates if added to win-
dows incorporating low-E on stretched plastic films.

We speculate for a moment on the minimum heat loss rates that could be obtained
from windows that utilize a combination of low emittance films and low conductance
gases. A double-glazed window with a heat mirror coating on the number 3 surface
and a vacuum in the space would operate at R-20. There are no fundamental reasons
why such a window could not be bui]t using today's technology. But making sucn a
system commercially available at a cost-effective price involves engineering and
product design solutions that maintain the vacuum over long periods of time and
create the spacing between the plates without seriously degrading vision through
the glass. This approach has been investigated in the past and is being explored
at the Solar Energy Research Institute using laser-fused glass-to-glass seals.
The other alternatives involve use of one or more vertical plastic layers with
Tow-emittance coatings in the air gap. With proper selection of gap spacing and
gas, this approach can result in an R-10 window system. Adding a second vertical
plastic film with a low E-coating improves the performance out to the R-12 range.
One can see that it is technically possible to build relatively high-transparent
window systems (40 to 60% solar transmittance and even higher visible transmit-
tance) using materials and designs that either are available today or will be
available shortly. One such window system, utilizing two layers of low-E coated
plastic in a rather wide air space, is available in Switzerland in prototype
units.

The opportunities and problems with low-conductance windows based on low-E films
and gas fills revolve around several issues. First, it is clear that very low
conductance window systems can be built. However, there remain uncertainties with
the durability and Tifetimes of these systems, both the low-emittance films them
selves and the plastic substrate on which they may be deposited. Any hermetically
sealed system depends in part on the Tifetime of the edge seals. The sealed insu-
lating glass industry is in the midst of a long-term study of the factors_that
contribute to premature failure of sealed glass units. The permeability of exist-
ing sealing technologies must be assessed if new gas fills are to be used.
Second, although high R-values can be obtained, one quickly reaches a point of
diminishing returns in all but the very coldest of climates. Beyond about R-5 and
certainly beyond R-10, the incremental improvements in performance are minimal.
If they can be obtained at Tittle or no extra cost, they are desirable, but if a
cost or performance penalty such as reduced visible transmittance is associated
with them, the added performance will generally nct prove desirable.



Identification of the proper mix of desirable, cost-effective properties as a
function of orientation and climate is not well understood. As with other emerg-
ing technologies, the first few years after market introduction will be critical
to the ultimate acceptance of these window systems. Major failures of one or more
noticeable buildings could cripple market acceptance in all such products for some
time. Furthermore, because optical and thermal properties are so variable, there
is a large potential for confusion at the Tevel of the architect and engineer.

Transparent Insulating Materials

The ideal device to place between doubie giazing wouid be a materiai that is opti-
cally clear, has a very high transparency, reduces convective/conductive and radi-
ative heat transfer, is highly durable, and can be fabricated cheaply and simply.
In this section we describe a material that may meet all tnese objectives. Tran-
sparent aerogels are materials having a high fraction of very small voids or air
spaces. At a microscopic level the material Tooks 1ike an open 3-D lattice struc-
ture. Ninety-five percent of the volume of the material is air. Because the par-
ticle sizes are very small, 1light scattering is minimized and the material is
highly transparent and optically clear. It has a Tow index of refraction (approx-
imately 1.01), so surface reflectance losses are minimal as well. The optical and
thermal properties of aerogels made from silica have been recently investigated at
Lawrence Berkeley Laboratory (LBL) and are promising candidates for transparent
insulation. The material itself is relatively fragile, although it is reasonably
strong in compression. Present techniques for fabricating the material involve
supercritical drying of a silica gel, which must occur at high temperature and
high pressure. Further investigation may be able to simplify this production pro-
cess. Because of the very small pore size, the conductance of the material can be
lower than that of still air. In addition the material acts as a radiation bar-
rier to longwave infrared. Placing a slab of such material in the air gap of a
double glazed window results in performance values of R7 per inch. One could
further improve these values by substituting a low conductance gas in place of
air, or possibly by utilizing a vacuum in the system. The material must be placed
in a sealed environment to minimize water vapor absorption, which degrades its
optical properties. Although it is too early to tell whether this will prove to
be a useful architectural solution, it appears promising at this time. A DOE-
supported research project is in progress at LBL to further explore this material.

If a diffusing glazing is acceptable an alternative approach is to use transparent
insulating matrix material that maintains high transmittance in a diffuse mode
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while providing good insulating properties. Materials of this type have been
extensively used as glazed wall and roof panels. They normally consist of fiber-
glass sheets bonded to an aluminum frame of varying thickness and filled with
fibrous insulating material.

SUMMARY AND RECOMMENDATIONS

If the energy benefits from daylighting are to be maximized, thermal losses from
building apertures that admit daylight must be controlled. The standard for most
windows until recently has been single glazing; double glazing is now becoming
more commonly accepted. At R-2, however, even the resistance of double glazing is
far below what one would desire for good thermal control of the building envelope.
This section has described a number of technical approaches to produce window sys-
tems ranging from R-4 to R-20. In addition to reduction in heat loss, each of the
approaches has an impact on view from the window, solar transmission, visible
transmission, appearance, and cost. To facilitate development and utilization of
the next generation of thermally improved window systems, we suggest the following
activities.

Window System Analysis

One of the primary problems confronting manufacturers who can produce improved
window systems and the architects and engineers who will specify them is the ques-
tion of what thermal performance level are justifiable in commercial buildings in
climates characteristic of New York State. This question has an energy savings
component and a cost component. If cost were not a problem, then the window sys-
tem having the lowest U-value consistent with daylighting criteria would be the
best choice. The practical problem, however, is to identify the point of dimin-
ishing returns where further improvements in window thermal performance are not
worth the additional cost. The problem is complicated by the large number of
parameters that influence optimal thermal control solutions. Studies should be
undertaken to identify the cost-effectiveness of the various thermal control solu-
tions. For existing window systems this will provide guidance for
architects/engineers who must make product selections, and for researchers and
manufacturers it will help identify desirable performance characteristics for new
products they may be developing.

Demonstrations

Building demonstrations that provide documented results can be wuseful in
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accelerating the acceptance of emerging technologies. These demonstrations should
be carefully planned and executed. They should be oriented toward validating the
performance of generic products as much as possible rather than specific
proprietary products. Selection of appropriate buildings and experimental plans
is essential to successful completion of such a project.

Testing Standards

Existing standards to determine the U-value of glazing systems will be adequate
for determining performance values of new glazing systems. However, for a variety
of operable systems existing test methods are incomplete or inadequate. Test
results are likely to be altered by test conditions, the size of the product, and
mounting details. The coupling between the thermal and air leakage characteris-
tics of the primary window and the insulating device is not well understood.
Industry groups such as ASTM have initiated same efforts in this area but have not
developed definitive recommendations. The test standards that ultimately emerge
from such a process will be important not only to manufacturers but alsoc to
specifiers, designers, and utilities that might consider incentive prograus to
accelerate conservation investments (e.g., Southern California Edison).

Product Development

As described earlier, there is a relatively large amount of product development
work supported by the private sector. However, there are always situations in
which good ideas languish for lack of suitable support. The complete cycle of
product development from R & D through market introduction generally is extremely
costly. The best use of new research funds would be to cost-share with existing
private sector research to leverage private sector capital or to act as a catalyst
to generate other investments.

Glazing Systems Research

This topic includes work that is more fundamental than the product development
discussed above. Because of its nature it will engender a higher risk than pro-
duct development efforts and thus be less likely to attract private sector sup-
port. The relationship between the basic research and ultimate products should be
investigated in detail early in the process.
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Field Testing

Demonstration projects, if properly conducted, serve largely to build confidence
in the performance characteristics of energy-efficient systems. However, it is
frequently impossible in a whole building demonstration to carefully identify the
specific window system contribution. Laboratory testing is more controlled but
will not produce results that are necessarily indicative of performance in the
building. Field tests of fenestration systems that combine a high level of techn-
jcal accuracy with the impact of all climate parameters are extremely important to
validate the computer programs and performance data on which architects base
design decisions. Such studies will generally cover not only thermal performance
but also net energy performance, including both daylighting and thermal efforts.
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Section 9
PERFORMANCE ISSUES: SOLAR CONTROL

KEY ISSUES OF SOLAR CONTROLS

Designing a building to provide effective daylighting does not guarantee that
overall building energy consumption will be reduced. Daylight will reduce
requirements for electric lighting energy, but the glazing systems required to
admit the daylight may introduce thermal loads that increase heating and cooling
costs, which in some cases may exceed the electric lighting savings. It is thus
critical that daylighting strategies include proper control of heating and cooling
costs as well as peak electrical loads. In this section we discuss the problems
and opportunities for providing sun control to minimize air-conditioning Toads in
conjunction with effective daylighting strategies.

Five key issues emerge in any discussion of solar control and daylight utiliza-
tion in buildings. In each case one finds opportunities where daylighting and
solar control requirements reinforce each other, thus improving cost-
effectiveness, but there are also situations where these strategies conflict,
requiring some sort of optimization. Many of these conflicts have non-energy com-
ponents in addition to direct energy components. The five key issues are: 1) view
from window, 2) thermal comfort, 3) visual comfort, 4) admittance of light, and 5)
peak load versus energy use.

View from Windows

An important function of much of fenestration is to provide contact with the out-
of-doors. Optimum orientation and window position for daylighting benefits may
differ from view requirements, and both may differ from sun control requirements.
" Architects almost always attempt to utilize fenestration when spectacular views
exist at a particular orientation, even if this choice creates the potential for
Targe cooling loads. In this case extra care must be taken to control the cooling
load impact.

The choice of architectural solutions and devices to control solar gain may
obstruct view from a window. Some solar controls are more obstructive and more
disturbing than others, and each obstructs view in different ways. For example,
overhangs and fins limit the field of view, but within that field of view gen-
erally do not interfere with view. Reflective and tinted glass are optically _
clear and, although they reduce brightness, will not distort the scene in any
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noticeable way. View out of a tinted or reflective window depends on the balance
of 1ight within and without the building. Near sunset, as the exterior environ-
ment dims, an occupant in a brightly 1it interior will see a reflection of the
room in the windows and will lose the view outside. Privacy is a related concern;
the same semitransparent mirror effect occurs during the day but from the opposite
perspective. When it 1is bright outside, an outside viewer perceives a mirror
image in reflective and some tinted glass and cannot see inside. This is often
desirable, and there is some design flexibility provided by selection of specific
types of reflective coatings. Diffusing materials such as drapes may provide
1ight but no view at all, or may provide an obscure view where only approximate
outlines of outdoor objects can be seen. Screen materials with varying percen-
tages of openness may provide a granular view 1ike a high-contrast television
image, and the clarity of the view will depend in part on the brightness of the
scene illuminated outdoors, as well as the color and texture of the screen
material. Venetian blinds and other louver systems can be retracted to provide an
unobstructed view, but when used they introduce a visually disruptive element
across the field of view. Depending on the adjustment of movable devices like
venetian or vertical blinds, view can be favored in a specific direction. With
all these devices the view as observed from deep within a room and the view as
observed by a person standing right at the window may differ.

Thermal Comfort

The object of any solar control system is not only to reduce energy consumption
for air conditioning but also to improve thermal comfort. Uncontrolled solar gain
is a potentially serious problem in terms of occupant thermal comfort and more so
in recent years where the tendency is to set interior temperatures at the high end
of the comfort spectrum. Thermal comfort can be affected by direct solar penetra-
tion, by indirect penetration, and by proximity to warm surfaces that have been
heated by the sun (e.g., tinted glass). It is not uncommon to find building
materials in proximity to office occupants heated to 110° to 140° when the air
temperature outdoors is warm and the building is illuminated by direct sunlight.

Visual Comfort

Architectural solutions and other devices used to control solar gain may also pro-
vide some relief from glare. However, one cannot assume that all good shading
solutions are also good solar control solutions. Solar control solutions that
work by absorption and reflection will tend not to affect glare in an adverse way.
However, solar control solutions that have 1light-colored surfaces and tend to
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diffuse 1light may produce very bright surfaces in the field of view. These
1ight-colored surfaces may be desirable for admitting daylight, so the simultane-
ous requirements for sun control, glare control, and daylight admission may
present difficult tradeoffs.

Admittance of Light

Sun control is, in some sense, fundamentally opposed to the admittance of daylight
in buildings. Understanding the source and nature of solar radiation allows one
to admit sufficient daylight for interior lighting while controlling total solar
gain. Daylight has approximately the same luminous efficiency as the best inte-
rior electric light sources [™120 lumens/watt]. This implies that daylight used
indoors can replace lighting with no adverse effect on cooling and perhaps with
cooling benefits if it is utilized well. Since the efficacy of daylight is about
120 lumens/watt and since conventional fluorescent system are in the range of 60-
90 lumens/watt, one frequently reads that using daylight to replace electric light
saves much cooling energy. This is a potentially misleading statement for two
reasons. First, although the efficacy of daylight is probably higher than the
efficacy of most current light sources, efficacy alone is not a proper metric for
comparison. One needs to include distribution effects within the room as well as
time-dependent effects. For example, in a sidelit room, meeting the required
footcandle level near the back of the room requires excess footcandles near the
front of the room because it is difficult to get uniform light distribution from a
unilateral window source. The higher light levels near the window may be desir-
able but will also contain additional energy that will add to the cooling load.
Second, if one designs a daylighting system to meet a required illuminance level
under average conditions, then for some fraction of the year when the outside
Tighting condition are higher than average the interior conditions will exceed
required levels. Once again the extra light may be desired but the heat gain
associated with it may wipe out any apparent cooling load savings. If one designs
for peak conditions to minimize this problem, then the average daylight contribu-
tion over the year may be substantially reduced. The ideal daylighting system,
which modulates light through the window perfectly throughout the year and distri-
butes it perfectly throughout the room, would not have these difficulties. How-
ever, at the moment, real architectural solutions suffer to varying degrees from
both these problems. In the absence of more specific information on the efficacy
of the electric lighting, the fairest statement would be that daylight has the
same net effective efficacy in a space as electric light and will thus not enor-
"mously impact cooling loads either positively or negatively. This assumes, of
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course, that the daylighting strategy is effective.

The second major aspect of the fallacy is to compare a room having windows and
electric light but no 1lighting controls to a daylight space that is identical
except that electric lighting controls have been added. In this case, clearly the
daylighted room has reduced cooling loads because the rooms are identical other
than that electric light is not utilized in the daylighted case. However, this is
a falacious comparison because there is no reason to expect that a room that does
not utilize daylight needs to have the same fenestration system as the room that
provides daylight. Thus a proper comparison might be a high-transmission window
with lighting controls as the daylighted case and a similar room with tinted or
reflective windows or perhaps smaller windows as the nondaylighted case. The
relative performance of each will vary depending on the design details as well as
orientation and climate. Even if the daylighted case provides better annual
energy consumption for cooling loads, one still needs to worry about the peak con-
tribution. This is discussed later.

The source of radiant gain in a space varies considerably both spatially and spec-
trally. Direct sun is a major contributor to cooling loads and can be a contribu-
tor to effective daylighting designs, although the primary source for daylight
utilization has been diffuse 1ight from the ground and sun. Sun control schemes,
however, generally do not respond to the sky and ground as a source. As we strive
to assert more sophisticated control over the energy flows in buildings, it will
be increasingly important to utilize control systems that control the diffuse sky
and ground sources as well as the direct sun source. On a peak basis the diffuse
sources generally are not major factors; however, on an annual or seasonal average
they may be major contributors to cooling loads.

Peak Load Versus Energy Use

Solar gain impacts building design, energy cost, and economic costs in two ways.
In designing a solution that accommodates sun control throughout the cooling sea-
son, the cooling energy consumption and therefore annual cooling costs are
affected. But solar gain also plays an important role in determining peak electr-
ical loads in many buildings. Since commercial building owners are charged elec-
tric demand rates in Eddition to energy rates, control of peak electrical loads
can be an important factor in controlling costs. In addition, peak cooling loads
dictate the size of chillers, air distribution systems, and other design elements.
Larger chillers operate less efficiently at a Tow fraction of rated capacity, and
larger fans require higher electrical consumption over every operating hour during
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the year, not just under the peak condition. Thus peak design constraints impact
annual energy use as well as peak demand conditions. Due to the variable nature
of the daylight resource, operable strategies are frequently preferable to solu-
tions. However, even automated operable systems provide more uncertainty than do
fixed solutions in terms of response to peak load conditions. The conservative
approach is to provide a solution and size critical building components around
that solution. The better performance alternative may be to utilize a more
sophisticated operable system; however, one must be able to count on this system
operating properly to manage peak loads. This is an important area that will be
discussed in greater depth later.

BASIC PRINCIPLES OF SOLAR CONTROL

Before discussing the pros and cons of various approaches to light and sun control
in buildings, we review a few basic principles of the control of radiation through
building apertures. Sunlight impinges upon a building from three sources: the
sun, sky, and adjacent surfaces including both the ground and other obstructions.
Radiation arriving at a window or skylight enters the building in three interre-
lated modes. Some sunlight will be directly transmitted through the opening
without obstruction by any element or device. Some sunlight will be indirectly
transferred into the building by reflection off of one or more surfaces in the
fenestration system. Finally, energy from the sun can also be admitted to the
building by being absorbed in one or more elements and then convected and reradi-
ated into the building. The percentage of absorbed energy that goes into the
building or to the outdoor environment varies tremendously depending on the pro-
perties of the absorbing element and its placement relative to other elements in
the window system. For example, an opaque black screen located outside the window
would absorb most of the incident radiation and then reradiate and convect most of
that absorbed radiation to the outdoor environment, thus admitting little of the
energy indoors. However, the jdentical device mounted behind a window would
absorb the same fraction of energy, but most of the absorbed energy would be con-
vected and reradiated into the building. Conversely, very light-colored reflec-
tive Jouvers mounted outside a window may diffuse the incident sunlight, a large
fraction of which may be bounced indoors to contrjbute to the cooling load. The
same white louvers mounted indoors, if properly tilted, would bounce and diffuse
much of the light back outdoors. Thus the apparent reflectivity or absorptivity
of a device alone does not determine its impact on cooling loads through fenestra-
tion.
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The professional engineering societies have developed several standard terms to
characterize the ability of a fenestration system to control solar heat gain.
Solar transmittance refers to the sunlight either directly or indirectly transmit-
ted through a window system as shortwave radiant energy. In some cases the direc-
tional properties are identified. For example, a sheet of glass will have one
transmittance value for direct sunlight passing perpendicularly through the win-
dowpane, and a slightly lower transmittance for diffuse sky 1light incident from
all directions. Visible transmittance refers to the transmitted portion of sun-
1ight as seen by the human eye. Many glazing systems and materials have different
solar transmittance and visible transmittance values, so that it is important to
specify which of the two one is referring to. Standard, clear one-eighth-inch,
double-strength float glass has a normal solar transmittance of about 85% and a
normal visible transmittance of about 91%. The difference between the two is due
to absorption in the near infrared, which reduces the solar transmittance but does
not affect the visible transmittance.

Shading coefficient is the standard metric for comparing solar heat gain of fenes-
tration systems. The shading coefficient is defined as the ratio of total solar
heat gain of a specific fenestration system (including directly and indirectly
transmitted, as well as absorbed and réradiated, components) compared to the solar
gain through one-eighth- inch, double-strength, clear glass under the same condi-
tions. By definition it is not dependent on temperature or the intensity of the
incident energy. Numerical values of shading coefficient range from 0 to 1.0. It
is possible to get slightly higher values than 1.0 with low-iron glass that has a
higher transmittance than normal float glass, but for practical purposes shading
coefficients range from O to 1.0. Thus a device having a shading coefficient of
0.5 would transmit 50% of the energy that one-eighth-inch, double-strength clear
glass would under the same conditions. Two common points of confusion need to be
noted. First, shading coefficient is not synonymous with the visible properties
of glazing materials. Two devices with two different shading coefficients will
not necessarily have the same ratio of visible transmittance. Second, shading
coefficient is relatively constant under differing sun conditions for homogeneous
materials such as clear, tinted, and reflective glass, but becomes highly sensi-
tive to angular effects for devices like venetian blinds. To properly character-
ize geometrically complex devices one needs to specify the solar angles under
which the shading coefficient were measured or calculated.
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SOLAR CONTROL SOLUTIONS FOR BUILDINGS

The majority of buildings erected in the past 20 years take fairly conventional
and not always effective approaches to sun control. This statement is supported
by observing that the retrofit market for solar control window films is a huge and
ever-expanding activity. This suggests that there are large numbers of buildings
that do not satisfactorily control solar gain. Good building design should
reflect the fact that the solar conditions on each of the four major orientations
are substantially different, and one would expect the architectural response would
be different. However, even a cursory view of existing building stock suggests
that the vast majority of buildings do not recognize these orientation-based dis-
tinctions. With the exception of interior shading devices, conventional
approaches to solar control tend to rely largely on static solutions. We review
these solutions in the sections that follow.

Architectural Solutions

This term describes exterior elements that can be seen as part of the architec-
tural design of the building rather than devices attached to the windows and
skylights.

The most common shading element in this category is a window setback, which is
equivalent to using an overhang plus side fins. In new buildings, the shading
potential is limited since wall thickness is held to a minimum to maximize inte-
rior space. Lease agreements typically specify floor area calculated to the glass
1ine, so there is a strong economic incentive to place the glazing at the outer-
most edge of the building.

Traditional fins and overhangs have been part of some architectural styles, but
run counter to "modern" trends that emphasize smooth-surfaced buildings. A number
of recently completed office buildings in California utilizle a variety of articu-
Jated skins, but these are not representative of standard practice.

Building elements can be utilized to shade other portions of the building,
although this would not normally be the primary reason for determining a building
footprint. Several buildings utilize sloped exteriors in which the uppér stories
project beyond the lower floors, providing some sun control. The effectiveness of
these strategies obviously depends partly on orientation and climate.
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Exterior Sun Control Devices

This category includes a variety of devices that are attached to the exterior of
windows or skylights. They include plastic films, woven fabric, woven metal,
punched and perforated screens, awings, and various types of louver systems. The
devices vary widely in cost, durability, appearance, and performance.

Products such as woven fabric generally attenuate the incident 1ight but do not
distinguish between direct sunlight, diffuse sky, or ground-reflected light. The
density of the weave and the color of the material control the transmittance.
Darker materials control solar gain by absorption, whereas lighter materials
reflect the greater percentage but also generally transmit slightly more. For an
exterior device, the majority of absorbed energy is convected and radiated to the
out-of-doors, so the distinction between absorption and reflection is not criti-
cal. Shading coefficients for these systems fall in the range of 0.1 to O0.5.
Fabrics are typically mounted in frames, which in turn are mounted to the window
system. Clearance is provided between the screen and the window so that heated
air can flow easily around and over the screen to be dissipated outdoors. These
screens also provide some protection against flying objects and will reduce heat
Toss by a small amount.

Two varieties of metal screens are available: punched and woven. Punched screens
are generally fabricated from aluminum and have small tilted fins that provide
some angular control of incident sun 1ight. Woven metal screens consist of small
louvers that are woven into place at a particular angle and cut off all but very
lTow-angle sun. For both of these products, ground-reflected 1ight enters somewhat
more easily than sky diffuse, and both have a shading coefficient that varies with
angle of incidence. Altering the color of these devices will affect the transmit-
ted energy because of their louver-like construction. In this case the darker the
device the better it will perform as an exterior shading system.

Large louver systems come in fixed and operable units for vertical, sloped, and
horijzontal configurations. Materials are usually sheet metal, aluminum, or plas-
tic, some filled with insulation. Operable units can control daylighting, night-
time temperature, security, and noise. Again, costs, scale, appearance, durabil-
ity, and performance vary widely. Shielded systems, such as those between two
glass walls, have proven effective in several new commercial buildings. Louvers
are typically light in color, maximizing the daylight reflected into interiors.
Shading coefficients depend on angle of incidence for fixed systems, but on
operating strategies for operable systems.
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Smaller louvers or heavy-duty venetian blinds, long popular in Europe, are not
commonly applied in the U.S., although their popularity is increasing. These
units can be automatically or manually operated from inside. Concerns include
aesthetics, view, and durability. Snow, wind, or rain may require the blind be
automatically retracted in order to prevent system damage. These blinds have
traditionally been under the control of building users affected by them.
Automatic controls that optimize their performance must be carefully considered
before selection.

Rolling blinds typically use finely woven fabrics. Their type, color, and open-
ness of material affects performance. Different strategies would be applied for
different climates and building orientations. Weather durability is a concern for
these blinds, although they have been used in Europe for years. Rolling shutters,
which also provide sun control functions, were discussed in Section 8.

Awnings have traditionally been used in residential construction, but are finding
increased application to low- and mid-size non-residential buildings. Awnings
come in a variety of colors, sizes, shapes, and materials (primarily fabrics), and
may be permanent, seasonally installed, or operable (manually or motorized).

A1l exterior shading systems require careful selection and operation in order to
optimize their sun control benefits. Operable systems have the greatest potential
benefits but the least user experience. To date there is little guidance avail-
able for daily or seasonal adjustments by climate, building type, orientation, or
indoor activity. For operable units which move slowly, as the sun moves, there
are fewer complaints than for systems which respond quickly or have controls out-
of-reach from building users. The interactions of fenestration controls with HVAC
and lighting controls are not yet adequately understood.

Glazing Controls

A wide variety of glazing materials is available for control of solar gain. In
addition to clear glazing there are two general classes of glazing that provide
solar control. Tinted glass utilizes absorbing materials dispersed throughout the
glass itself. Reflective glazings utilize a surface coating that may be deposited
any number of ways to reflect and absorb incident energy. Each type of glass can
be combined into multiple-glazed units, and the reflective coatings can also be
deposited directly on the tinted or heat-absorbing glass. Heat-absorbing glass is
available in three major varieties: grey, bronze, and blue-green. The total
absorptance is a function of the thickness of the glass, with thicker glass
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providing greater absorption and less transmission. Grey glass has approximately
neutral transmission and will transmit approximately the same percentage of visi-
ble 1ight as total solar radiation. Bronze glass, because it uses different
absorbing materials, generally transmits more solar radiation than visible Tight.
Blue-green glass acts in the opposite way, with a much higher 1ight transmittance
than total solar transmittance. This is possible because only about 50% of the
solar spectrum is visible light, the remainder being shortwave infrared.

Reflective coatings can be deposited on either clear glass or tinted substrates.
The properties are highly dependent on the materials used for the coatings and the
process by which they are deposited. These in turn vary widely depending on
whether the coating must survive in an exposed environment or whether it will be
protected in the air space of a double- or triple-glazed unit. The higher perfor-
mance coatings generally are metallic films and require some protection within a
sealed glass unit. These and other films can be used to make a multilayer struc-
ture that has a selective transmittance. Several glazings that have higher day-
1ight transmittance than overall solar transmittance are commercially available in
Europe. In general these selective coatings are more desirable than the nonselec-
tive coatings, although they will frequently be less durable and more expensive.

Clear glass can be converted to tinted or reflective glass by gluing plastic solar
control films to it. This is viewed primarily as a retrofit strategy, although it
can be used in new construction. Plastic solar control films come in tinted or
reflective varieties. They are applied to the inner surface of the window in
retrofits, but might be applied to the number two or three surface in a double-
glazed unit in a new window. Newer versions of these films are also selective in
their transmittance and will provide higher daylight transmittance than total
solar transmittance. In addition, some of the films also have a low-emittance
surface that reduces radiative heat Tloss. These are discussed in more detail 1in
the section on thermal control (Section 8).

Sun control may also be provided using glazing materials other than glass. For
skylights, various rigid plastics are traditional alternatives. Double-walled
ribbed plastics are available in tinted and clear forms. Translucent fiberglass
panels are also used as glazing materials and have tinted versions that provide
some sun control. Glass blocks, which enjoyed widespread use in an earlier era,
are making somewhat of a comeback after being abandoned almost entirely by the end
of the 70s. Each block consists of modules four inches square up to about a foot
square and typically two to four inches thick. They generally have a di?fusing
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middle layer or ribbed surfaces on the two glass elements. This can provide a
general light diffusion or can redirect the light in a specific direction. These
glass blocks have only moderate sun control capability, with shading coefficients
that range from 0.3 to 0.8.

Interior Shading Systems

Interior shading systems include the familiar array of blinds, shades, and drapes,
as well as a few newer products. These devices are generally operable in one form
or another and are designed to provide privacy as well as to control light and
solar gain transmission. In addition, since they are seen by office occupants,
their esthetic appearance is usually a major factor in their selection.

Two trends are emerging in the newer interior shading products. First, products
incorporating more highly reflective surfaces are becoming available, thus reduc-
ing the attainable shading coefficients. Unlike exterior devices, most of the
energy absorbed in interior devices remains in the space, so reflectivity is a
desirable feature. Pleated blinds, venetian blinds, roller shades, vertical
blinds, and draperies having various reflecting surfaces have become commercially
available during the past few years. A second trend is the increased interest in
automatic controls for window shading systems. These may be used to store or
deploy a simple device or to adjust a device (e.g., venetian blind) to provide
better solar control. Once one has an automatically controlled system, it should
be possible to link fenestration control, lighting control, and other building
functions to a microprocessor that determines the optimal operation of each con-
trolled building element. However, we know of no buildings in which such systems
are operating.

New Sun Control Options

The energy simulation results in Section 4 point to the importance of balancing
daylighting benefits against cooling loads resulting from excessive solar gain.
We described at length a number of solar gain control options available to
designers. We also noted a trend toward using operable controls to provide max-
jmum flexibility in controlling timing and magnitude of solar heat gain through
windows. We now describe research directed toward the next generation of glazing
materials that can provide the same type of solar gain control using different
physical mechanisms. Here our interest is in glazing materials whose intrinsic
optical properties either can be altered to provide directional selectivity in
transmitting incident solar energy, or can modulate the incident sunlight in
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response to climatic conditions or building controls. Both private and public
sector research is underway in each of these areas. Although each carries sub-
stantial technical risks, the potential payoffs are large if such materials can be
successfully developed.

Directional Selectivity. Since the sun follows a predetermined path across the

sky, which varies with hour and season, solar gain coming from a given position in
the sky has specific seasonal patterns. It is thus possible to reduce solar heat
gain at some orientations by controlling direct sunlight from specific angles. In
this section we discuss glazing materials having fixed optical control properties:
once those properties are defined, the glazing rejects incident solar heat gain
each time specific geometrical relationships occur. For example, west-facing
glazing could be designed to admit light from the lower southeast quadrant (which
would be characteristic of late winter afternoon conditions), and reject sunlight
from higher solar altitudes in the west and from solar positions characteristic of
late summer afternoon sun in the northwest. If the angle-dependent transmissivity
glazing could be fine-tuned for each building application and orientation, useful
solar control could be achieved. Such an approach fails to distinguish between
overcast and sunny days, and would have benefits primarily for solar gain control
rather than glare control. Such glazings are used in the tinted upper section of
automobile windshields to reduce higher altitude sunlight, and in some sunglasses
to produce similar optical control. On a uniform overcast day, such a window
might produce strange optical effects, and occupant response to such materials is
unclear. Also, energy simulation analysis is required to quantify potential bene-
fits from such glazing materials.

The technology for producing these glazing materials 1is speculative. Two
approaches might be feasible. First would be holographic films in which the dif-
fractive structure is tuned provide the desired optical performance. Some DOE-
sponsored research on holographic films is in progress. The second approach would
be to produce an oriented fine structure, having angle-dependent properties,
within the window. Such an approach is not likely to yield the detailed optical
control mentioned in the example above, but might provide simpler, yet useful,
optical control. An example has been developed at Corning Glass. A Tight-
sensitive glass substrate is exposed through an optical mask to intense light at a
specific incident angle. Processing of the glass creates opaque louver elements
within the glass matrix itself at an angle determined by the mask geometry and the
incident exposing light. " The overall effect is similar to miniature venetian
blinds imbedded within the glass substrates. Other manufacturers have previously
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produced microlouver systems embedded within plastic substrates. These approaches
appear to provide useful optical control but have not been proven in the glazing
market.

Optical Switching Films. A second class of materials will provide time-dependent

control of solar heat gain by modulating the transmissivity of glazing materials
in response to given environmental parameters or control signals. While many phy-
sical phenomenon can change the transmissivity of an optical substrate, the three
most plausible mechanisms are photochromic, thermochromic, and electrochromic
materials. Basic research on these materials has been undertaken by the Depart-
ment of Energy in the past several years. We will review the status of research in
each area.

Photochromic coatings are well known because they provide the basis for sung-
lasses. The coatings change transmissivity in response to 1light intensity.
Experimental work incorporating photochromic materials into plastics and thin film
coatings has been done. The spectral- and intensity-dependent optical responses
and temperature-dependent effects have been investigated. Since the switching
phenomenon depends primarily on light intensity, such a device would behave in the
same way in the summer as in winter when the intensities were equal. Thus sea-
sonal selectivity desirable for thermal control would be unattainable. However,
glare control would require similar performance in all seasons; thus the primary
benefit of photochromic coatings would be to improve visual comfort. It should
also be possible to use them as shading devices or in other ways. Analysis is
underway with DOE support to determine the potential of these materials.

Thermochromic materials change transmissivity as a function of temperature.
Liquid crystal temperature indicators are common examples of materials whose opti-
cal properties change when heated. Basic research is needed to better understand
switching mechanisms and then create doped materials that will switch within the
thermal range of interest for aperture applications. Limited DOE-supported
research to develop thin-film solid-state devices meeting this criterion is under-
way. Other approaches based on non-solid-state materials, such as liquids or
gels, have been denonstrated in limited applications. These typically switch from
transparent when cool to a white, reflective/diffusing state when heated. While
probably inappropriate for most primary-view glazing, such materials should be
useful for roof apertures. The packaging and long-term durability of such materi-
als represent significant development problems. Note that thermochromic materials
can be made photochromic with neutral density absorbers that convert incident
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radiation to heat in the glazing material. In addition, the temperature balance
of a switching layer can be controlled by whether its placement is inside or out-
side the insulated building envelope. A thermochromic switching layer used as an
outer glazing on double glass would be sensitive to outside temperature condi-
tions; the same material used as the inside glazing layer would behave dif-
ferently. Once again additional energy simulation work is required to determine
the behavior and potential energy control benefits from such materials.

Electrochromic materials are multilayer films whose optical properties can be con-
trolled using an applied voltage. In principle these have the greatest versatility
since their transmissivity can be controlled at any instant based not only on out-
side temperature and sunlight conditions, but also on interior thermal and visual
requirements. However, these materials tend to be multilayer systems that are
potentially more complex and difficult to fabricate, and more expensive than sim-
ple, single-layer photochromic or thermochromic systems. In addition they must be
linked electronically to sensors or building automation systems. Electrochromic
materials are well known in the display industry and have been investigated exten-
sively for applications such as flat display panels and digital watch displays.
Their use for building apertures with other performance requirements is the sub-
ject of DOE-supported study. Investigations include basic explorations to create
new electrochromic materials as well as research on device configurations in which
various multilayer designs are explored. Durable long-life coatings have yet to
be demonstrated at laboratory scale; scaling up to architectural sizes might prove
a significant problem. However, the ability to control the transmissivity of such
materials for privacy, visual comfort, thermal comfort, peak load management, and
other building functions suggests that they are an inviting and high-payoff target
for advanced research. Research underway in Japan and several European countries
indicates that this perception of potential benefits is widely shared. Again,
detailed simulation studies are required to fully understand the ideal operating
characteristics and potential benefits of electrochromic materiails.

Advanced research to develop these solar control options shows promise in several
directions. The research is at an early stage and the outcome is not yet certain.
However, if such a class of materials can be successfully developed they should
provide a new set of desirable and very beneficial capabilities to control day-
light and sunlight in buildings.
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SUMMARY AND RECOMMENDATIONS

As indicated by the energy analysis results in Section 4, control of solar gain is
essential to effective daylight utilization. Some solar gain is a necessary
adjunct to daylight admittance--however, uncontrolled solar gain will quickly
erase the benefits of lighting energy savings. The following activities are sug-
gested to acccelerate more effective development and use of sun control systems.

Fenestration System Analysis

Desirable sun control properties must be specified within the context of optimiz-
ing overall building energy performance. Since this process involves complex
tradeoffs between energy savings and peak load performance, and among heating,
cooling, and lighting 1loads, the optimum solutions for each climate, building
type, and orientation are not generally known. Building energy simulation studies
of the type presented in Section 4 could be used to develop such data.

Characterization of Sun Control Properties

Energy simulation studies of the type recommended above requires data on the solar
optical properties of sun control products. Traditional sources provide limited
data on shading coefficients. These are inadequate for many of the (optically)
more complex and better performing systems. Performance data are required on
solar heat gain from the sun at any incident angle, for ground-reflected radia-
tion, and for sky diffuse radiation. These data might then be transformed into
seasonal or annual performance indices. Test methods and/or calculation pro-
cedures should be developed to determine solar heat gain data.

Materials and Product Research and Development

More research is needed to establish the technical viability of advanced materials
concepts such as optical shutters and angle-selective transmitters, and then move
the research to the point where industry's interest is generated. As with insu-
lating materials (discussed earlier), there may also be opportunities to assist
manufacturers in development of improved sun control systems. The best projects
would be those in which initial support leverages substantial additional support.
Another role is to work with firms that have developed prototype products and pro-
vide assistance with market introduction. One element is the demonstration build-
ing, discussed below.
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Demonstrations and Field Testing

Carefully documented demonstration programs can assist market introduction of
novel products or systems and increase acceptance of existing designs that are not
currently widely utilized. These must be carefully planned and carried out if
they are to provide the desired data and have an appropriate impact. Field test
studies might be more technically oriented than a demonstration project and would
be designed to gather basic performance data from which products could be improved
or redesigned, or which would form the basis for validating predictive design
tools. Studies to determine the impact on load management and peak savings would
be particularly useful.

9-16



Section 10
PERFORMANCE ISSUES: GLARE

INTRODUCTION

Major reductions in lighting consumption can be made using strategies that slash
lighting use without regard for productivity, health, and safety. Our operating
assumption, however, is that all recommended daylighting and Tighting energy con-
servation strategies maintain or improve lighting quality and associated worker
productivity, health, and safety. One advantage of more efficient lighting stra-
tegies is that they frequently produce more comfortable, pleasant, and productive
working environments. These features will sometimes help sell these strategies to
skeptical building owners if the energy savings alone are not sufficient.

DISABILITY GLARE

One of the critical concerns in effective daylight utilization is the problem of
glare from windows and skylights. The lighting community defines two types of
glare. The first, called disability glare, results from light sources that reduce
the contrast of visual tasks due to the relative positions of the task, observer,
and light source. The "veiling reflections" produced by these glare sources
reduce the contrast between visual information and the background, making it more
difficult to perform a visual task. A simple test to determine if veiling reflec-
tions will be a problem is to place a mirror at the task location with the occu-
pant seated normally. Viewing the mirror as one would view the task, any electric
or daylight sources that can be seen directly in the mirror represent potentially
serious sources of disability glare. Disability glare will often reduce produc-
tivity, and thus has serious economic consequences.

Design Solutions

In electric lighting design, the basic approach to minimizing disability glare is
to control the brightness of electric sources in the "offending zone" and to posi-
tion the worker and task so as to minimize sources that fall in the offending
zone. Although this requires some skill, once the 1ight fixtures, occupant, and
task locations are all fixed, a solution should be effective over time. The
Il1luminating Engineering Society has developed a number of quantitative metrics
that allow one to determine the seriousness of veiling reflections and their
visual effects. Although it is difficult to infer an absolute impact on perfor-
mance, these quantitative values are useful for comparing alternative designs.
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The same basic principles are operative in a daylighted environment. In general,
one wants to minimize the brightness of sources in the offending zone and position
occupants and tasks in a manner that minimizes visual effects. While the location
of windows and skylights is generally fixed, the intensity of those sources is
highly variable. A major difficulty is that control of source luminance to minim-
jze veiling reflections will also reduce the availability of daylignt for provid-
ing illuminance. These issues are discussed in more detail in the next section.
The major requirement for minimizing veiling reflections is to optimize the
geometric relationship between occupant, task and building apertures. Part of
this optimization is not only to minimize veiling reflections, but also to take
advantage of the beneficial aspects of lighting quality. Just as light emanating
from the offending zone in a room reduces contrast, and thus visual performance,
light arriving at a visual task at low angles from the side enhances contrast
relative to typical overhead sources and will thus improve visual performance.
Studies done many years ago confirm that properly controlled sidelighting from
windows will provide performance equivalent to much higher levels of illuminance
from overhead sources.

These studies have resulted in simple rules of thumb for designers in terms of
occupant placement relative to windows. Ideally, occupants should sit facing
parallel to the window so that the 1ight comes to the task from their left or
right. Facing away from the window produces a body shadow on the task; facing
towards the window creates a direct source of veiling reflections. In single-
occupant offices it is frequently possible to orient task locations in such a way
as to follow these guidelines. However, in larger spaces with multiple occupants
and in open landscape spaces it may not always be practical to provide ideal
orientations. Concerns for occupant placement relative to windows must also
recognize that the view and visual relief provided by the windows is a desirable
quality and may represent another set of constraints on occupant Tlocation.
Finally, several new trends in office design may further modify conventional prac-
tice regarding occupant location relative to windows. The advent of extensive
open landscape design may mean that although an occupant is in relative proximity
to the windows, five- or six-foot high partitions may block direct view of the
windows. This will minimize veiling reflections; however, it may interfere with
effective daylight contribution to illuminance as well as removing a direct view
of the out-of-doors.

The increasing prevalence of visual display terminals is another major factor in
the design of electric lighting in daylighting systems for new office buildings.
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Reflections of bright sources off these surfaces can seriously degrade visual per-
formance. Once again, if the terminal screen is imagined to be a mirror, any
object seen in the "mirror" that is brighter than the screen will produce the
equivalent of veiling reflections and wash out the visual information. This is a
serious problem in new offices that have large numbers of visual display terminals
and also need to pack in large numbers of occupants. Given the increasing cost of
land, and therefore building area, in an urban environment one can expect office
densities to increase, making the problem even worse.

DISCOMFORT GLARE

The second type of glare from windows and skylights is discomfort glare. A source
of discomfort glare is generally a source that is much brighter than the visual
task being performed. A person reading a paper under normal illuminance levels
will look up from the task to see a very bright source of light. The eyes may
accommodate to the new brightness level, but then when the head is turned back to
the task, the eyes must readjust to this much lower level. If the source is very
bright, this adjustment will produce discomfort, most noticeably indicated by a
squinting response. A related effect is that a bright source in a peripheral
point in the field of view may be a distraction that draws the eye away from a
less bright but more important task.

Discomfort glare is a problem for the electric 1ighting community, but the sources
of discomfort glare in electric lighting design are typically much smaller than
with fenestration. Discomfort glare formulae that account for the glare effect
from electric source have been modified for use in daylighting design. The most
commonly accepted formula is the Hopkinson-éorne11 formula, in which a glare index
is calculated based on brightness and size of the luminance source, its position
relative to the observer, the luminance of the surroundings, and task locations.
One standard approach to reduce discomfort glare is thus to raise the illumination
of the task and surroundings with higher electric 1ight levels. This, of course,
will result in increased electric energy consumption. It is widely agreed that
additional work is needed to upgrade and improve our understanding of discomfort
glare. The formula was developed based on experiments with trained observers in
England; and the possibility exists that there is an explicit cultural pias in the
results. A recent review of similar studies in England, Belgium, and France con-
cluded that the primary variable in determining glare index is source luminance.
New studies in these areas are in progress at the University of Washington with
support from NSF.
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Design Solutions

Source luminance can be controlled in three ways. First, l1ight can be admitted so
that there is no direct view of the sky or sun. Architectural strategies for
introducing light through multiple reflections off building surfaces are generally
well known but not well understood. The second approach is to permanently reduce
the luminance of the outdoor view using tinted or reflective glass. This has a
secondary effect of reducing the available illuminance in the space. The third
approach is to use operable light control mechanisms to control glare only when a
glare source is present. We will discuss each approach in more detail.

A number of architects have defined the architectural design process as one of
manipulating form to admit light into buildings. Masters of this tradition apply
well-developed intuitive skills to admit 1ight to a building with minimum glare
problems. The basic approach is to redirect, filter, and otherwise diffuse light
entering the building by reflection off of a number of surfaces, so that no sur-
face seen by an occupant is excessively bright. In rooflighted buildings, control
of lightwell geometry and shape can effectively diffuse light entering the build-
ing. In the Kimball Art Museum in Dallas, Texas, interior diffusing devices were
placed under a light slot in the top of a barrel vault to diffuse the light.
Diffusing the light from the source that admits it reduces the contrast between
bright and dark areas in the interior space, thus minimizing glare. But a diffus-
ing surface may itself become a glare source if its luminance is too high. In
sidelit buildings, light-colored walls located adjacent to windows serve as a
diffusing source, and splayed details in walls also act to smooth the transition
from the bright view outside to the darker walls inside. Exterjor devices such as
slotted overhangs or other types of fin and louver devices also break and diffuse
incoming light.

The magnitude of the control problem can be seen if one estimates the brightness
range that must be controlled. A hazy overcast sky or a light-colored surface in
direct sunlight can have a luminance of 6000 to 8000 footlamberts; a relatively
dark overcast sky may have a luminance of 500 footlamberts. Indoor surfaces will
typically have a luminance of 50 footlamberts. Thus the range between indoor and
outdoor Tluminance varies from 1:10 to 1:100. Proper use of landscape design,

building design, fenestration design, and interior design, as well as task place-
ment and orientation, can all work to minimize discomfort glare.

In addition to the new architectural strategies, or as a subset thereof, choice of
glazing materials and associated fenestration devices can control discomfort
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glare. The use of tinted or reflective glass or other types of screening materi-
als will reduce the Tluminance of the outdoor sky and surroundings. These
approaches are fixed solutions that reduce the luminance of the outdoors under all
sun and sky conditions by an approximately equal amount. In addition, these solu-
tions reduce the transmitted light by approximately the same percentage, thus
reducing the daylight available for interior illuminance. Tinted glass moderately
reduces visible transmittance, reflective glass and glue-on films or attached
screens can reduce transmittance to as low as 5%. At these extremes, the glazing
is functioning to provide view only, since it contributes little illuminance to
the space. Where view is important and luminance must be controlled while still
providing sufficient total luminous flux, one solution is to separate those por-
tions of the fenestration that provide view from those that provide daylight. A
standard approach might be to use a tinted or reflective lower view window approx-
imately at eye level and then an upper window with higher transparency and a dev-
ice such as a light shelf to protect occupants from direct view of sky glare.
While the general approaches for these solutions are well understood, we do not
yet have standard, well-developed architectural designs that successfully optimize
the complex tradeoffs involved.

Since the nature of the daylight and sunlight resource is one of high variability
over time, the third approach is based on use of operable systems to control glare
and sunlight. These systems are also discussed at length in Section 9, Solar Con-
trol. The requirements for solar control and glare control are similar but not
identical. For solar control, reductions as great as 80 to 90% of transmitted
radiation will frequently be desirable. For glare control, it will generally be
sufficient to reduce transmittance by a maximum of 50 to 75%. A large array of
interior window management devices such as shades, blinds, and drapes has tradi-
tionally been used for g]dre control as well as sun control. Although a wide
range of products exists, there are few guidelines that help architects choose
among the alternatives for glare control, sun control, and related window manage-
ment functions. New products, such as silvered venetian blinds designed to
enhance daylighting contributions, may also worsen glare problem if the blinds are
not properly adjusted. One approach to the dual control of glare and sun is to
use a fixed device with only moderate attenuation to control glare during most of
the year and then have an additional operable device primarily design for sun con-
trol that also can provide glare control during peak brightness conditions.

10-5



SUMMARY AND RE COMMENDATIONS

Discomfort glare and disability glare are both critical factors in good daylight-
ing design. Buildings that provide proper daylight footcandles but do not suc-
cessfully control both types of glare do not represent successful, cost-effective
solutions. We view this problem at two levels. There is an existing body of
knowl edge that can provide good guidance and control of both discomfort and disa-
bility glare, but it is not widely diffused throughout the profession. The aver-
age building designer, however, is frequently confronted with crude and overly
simplistic guidelines that may be misleading. OQur first recommendation is that
the existing information on control of discomfort and disability glare be reformu-
lated to provide effective guidance for building designers. This should include
basic principles as well as many examples and case studies. The case-study docu-
mentation should emphasize basic principles and general rules of thumb, but should
also point out where good design suggests departures from standard rules of thumb.

At the same time, our understanding of occupant response to discomfort and disa-
bility glare is incompliete. Basic studies on discomfort glare are necessary to
update and refine work completed 20 to 30 years ago, which is acknowledged to be
in need of improvement. Metrics for determining visual performance in electric
1ighting design are undergoing substantive discussion and change. As this work
evolves it should be extended to daylighted spaces so that electric lighting and
daylighting strategies can be fairly compared in terms of visual effectiveness.
At present it is possible to calculate and compare equivalent sphere illumination
(ESI) for daylighted and electrically lighted spaces. However, the interpretation
of ESI results is the subject of great debate, which suggests that use of ESI is
not presently warranted for daylighting designs. New measurement tools to quan-
tify luminance distribution in daylighted and electrically l1ighted spaces would
help in developing new metrics to assess 1lighting quality.
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Section 11
PERFORMANCE ISSUES: LIGHTING CONTROLS

INTRODUCTION

A11 buildings having windows or skylights can be said to be daylighted, but only
those that have an effective means to control electric light will save energy and
moderate peak load. Lighting controls are thus a necessary but not sufficient
condition to ensure that potential electric savings are realized. As with other
aspects of daylighting designs, controls appear to be a simple and straightforward
issue. However, the art or science of designing cost-effective control systems
that maximize daylighting consistent with occupant comfort is not well developed.
In this section we discuss state-of-the-art 1lighting controls for daylighted
buildings, and conclude with recommendations and suggestions for further research.

Lighting controls serve multiple functions in most buildings, so daylighting may
not be the only reason controls are specified. In pre-energy-crisis days, it was
common to minimize first cost by placing lighting controls in a central circuit-
breaker panel. The entire area covered by a single lighting circuit would be
switched at one time, and the zoning of these circuits was based more on the
desire to minimize drafting and wiring costs than on any concern for function in
the lighted space. Most buildings were 1it to a single uniform level, that level
representing the high end of the spectrum of visual needs. Lights would be
switched on in the morning prior to the arrival of the first workers, and switched
off late at night after cleaning crews had departed. In some buildings nighttime
heating was provided by keeping the lights burning all night long. In the glori-
ous days when building owners were paying less than 1 cent per kWhr, but materials
and labor costs were high, it was common to burn Tights 24 hours per day in the
mistaken belief that this saved money relative to switching.

CONTROL STRATEGIES

The increased cost of electricity has had a substantial impact on electric light-
ing design. More care and thought are now given to visual performance require-
ments and their lighting solutions. Switching and control strategies, of which
daylighting is one, play an increasingly important role. These strategies include
1) occupancy scheduling, 2) lumen maintenance, 3) fine-tuning, and 4) load shed-
ding. Each has a set of different but overlapping hardware requirements, which
suggests that a hardware investment may be paid back by more than one stfategy.
For this reason we describe strategy briefly before beginning the major
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description of lighting controls for daylighting purposes.

Occupancy Scheduling

In this strategy lights are turned off or dimmed to lower levels during periods
when a space is unoccupied or occupied with tasks of a non-visually critical
nature. A number of hardware systems are available. Control hardware can be
classified as follows:

@ Manual wall switches,
e Mechanical or electronic time clocks,
® Microprocessor based systems, or

e Personnel sensors.

Wall switches are inexpensive, but experience suggests that in areas occupied by
more than one individual, manual switching is often used only at the beginning and
end of the day.

Mechanical time clocks are frequently noisy, and unless a stop is installed on the
switch, 1ighting hours may be excessive. Recently, programmable timeclocks became
available with costs of ™$100/control point. These are appropriate for smaller
buildings.

The operation of blocks of 1lights in a larger building can be automatically
scheduled using a microprocessor-based system. These systems are appropriate in
buildings where the arrival and especially departure times of the building person-
nel are relatively predictable. Microprocessor-based systems are preferable to
manual wall switches or mechanical time clocks because they can control appropri-
ate blocks of 1ights according to different schedules. As with any system that
controls lighting according to a pre-programmed time schedule, override functions
must be provided and must be accessible to occupants so that workers who need to
work during a preprogrammed "off" time can obtain lighting in their local area.
Virtually all commercially available microprocessor-based systems are relay-based
switching systems, where each relay controls some large block of lighting.
Exactly how many lights are controlied by each relay is a design consideration
which depends on the anticipated needs in the space. The potential for saving
energy by scheduling increases with decreasing switching zone size. However, the
cost of the controls increases linearly with the number of control points, sug-
gesting that an optimum switching zone size can be calculated if the occupant dis-
tribution can be calculated or estimated.
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The most economical way of scheduling the 1lighting using a microprocessor-based
switching system is to program only the "off" times and permit occupants to use
overrides to switch their lights on.

Personnel sensors are the obvious choice in situations where tight scheduling of
the lighting is desirable and where the occupant distripution patterns cannot be
determined ahead of time. Appropriate locations would be one- and two-person
enclosed offices, conference rooms, retail store supply rooms, and infrequently
used areas in industrial settings. Areas occupied frequently by more than two
people cannot usually be economically controlled by a personnel sensor because the
overlapping patterns will greatly reduce potential energy savings.

Lumen Maintenance

The light levels in a newly installed lighting system are typically 20 to 40% -
higher than the design level because the 1ight output of Tlamps, fixtures, and
associated hardware tends to decrease with age. Thus new systems put out approxi-
mately 30% more light than designed for, and just before cleaning or replacement
the nominal illuminance level would drop to the design level. Lumen maintenance
systems are designed to sense the actual illuminance level in the space and reduce
1ighting system output so that only the desired footcandle level is maintained.
When the systems are new this would result in savings on the order of 30%; for
older systems the savings will drop to 0%. The savings from lumen maintenance
systems can be estimated on an annual average basis of 30-50% of initial savings
since the light output drops more rapidly in the first hours of operation. The
real savings from this systems depend strongly on lighting maintenance procedures
and decisions regarding group relamping or cleaning. In general, these systems
would not be expected to save more than about 15% per year, and thus make more
sense in combination with other strategies. A lumen maintenance system coupled
with an energy monitor would provide a powerful economic inventive to relamp when
appropriate, since energy use will be at a maximum when the lamps are old. Lumen
maintenance can only be implemented with dimming hardware.

Fine Tuning

This strategy refers to tailoring the illuminance level spatially to the require-
ments at that location. In speculative office buildings it is common to design
the complete lighting system without ever knowing the visual needs of the future
occupants. Even in buildings in which lighting design has been matched to occu-
pant needs, frequent changes in occupancy or in visual tasks may necessitate
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changes in lighting system outpui, which can be expensive if not planned for prop-
erly. The common response is to design for the worse case so as not to incur
these costly changes later. The ability to carefully control the output fixture
by fixture either with multilevel switching or dimming capabilities allows one to
install a lighting system capable of providing worse-case illuminance but then
adjusting the system so that its output in each spatial Tlocation matches the
needs. A number of the newer dimmable systems come equipped with ballast adjust-
ments to raise or lower the output of each set of lamps in response to local
needs. In a more sophisticated system these changes could be made electronically
based on input to a central controller. The resolution of such a system could
vary from individual fixtures to a grouping of fixtures to an entire lighting
zone. Depending on needs, this fine-tuning strategy could range from continuous
dimming systems to on/off systems.

Load Shedding

Since commercial customers pay for peak demand as well as for electricity con-
sumed, strategies that moderate peak load will have economic value. Since light-
ing loads represent 30 to 60% of the electric load at any given time, they likely
represent approximately the same fraction of the peak load. The ability to shed
load may be beneficial to large customers who have special rate agreements with
the utilities, and may be financially beneficial to all customers since peak
demand charges will be reduced. In some cities experiments have been undertaken
where building owners "sell back" peak demand to the utility under critical load
conditions. Ideally, some load shedding can be done in a manner that does not
impact occupant productivity or perception, for example, by minimal dimming of
1ighting fixtures. In other cases, multilevel switching or switching off lighting
systems in areas where they contribute to the aesthetics but not function might be
acceptable. Specific solutions in any given building will depend greatly on the
details of design and operation.

ELECTRIC LIGHTING CONTROLS FOR DAYLIGHTING

In order to save electricity or moderate peak load, daylighting strategies require
effective 1ighting control strategies. As seen from the brief discussion above, a

number of strategies will also work as daylighting controls.

Properly designed lighting controls are essential components of any successful
daylighting strategy. The design and specification of a 1ighting control system
must meet three stringent criteria. First, the operation of the controls must be
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consistent with the visual performance reguirements and the perceived needs of
building occupants. Controls that regulate illuminance without concern for the
response of office occupants will rarely be successful. Second, the control sys-
tem design and specification must be appropriate for the lighting hardware and
overall Tighting strategy. On/off céntro1s used with high-intensity discharge
Tamps that require 5 to 10 minutes before they can be restruck make little sense
in most building applications. The important jssues regarding the relationship
between task illuminance and ambient 1ighting systems must be addressed as well.
Finally, the lighting control systems must save energy in a cost-effective manner.
An additional desired feature is that they provide the flexibility for some load
management when daylight is available. Cost-effectiveness is an implicit require-
ment since the systems will never be specified unless they meet some minimum
cost-recovery criteria.

Before discussing typical lighting control systems for various Tlighting stra-
tegies, we discuss generic issues related to the operation of all photoelectri-
cally controlled lighting systems.

Control System Components

Control systems can be described as having a minimum of three interrelated ele-
ments. The first is a light sensor or detector, necessary to sense ambient light
levels in the space. The second is a control logic that compares the instantane-
ous measured value to some pre-set desired criteria. The third is a control dev-
ice such as an electronics package or relay that controls 1light output based on
signals from the control unit. In any given system one or more of these elements
may be combined, but the functional requirements will be present in all systems.
Note that in the case of an office occupant turning a light switch off when there
js sufficient daylight, the sensing and control functions occur in the eye and the
brain of the individual.

Spatial Control

Control systems can be configured in various ways to cover anywhere from a single
task'area or room to an entire building. In some cases the systems are modular
and additive; in other cases the three key elements described previously are
linked throughout the building. In the first case, a dimmable ballast with built-
in sensor controlling a single fixture is a unit that can be repeated throughout a
room, a zone, or the entire building. At the other extreme are systems using a
central control system, distributed sensors, and on/off or dimmable controls
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throughout a number of rooms and zones, all of which are linked to the central
control unit. Because the daylight contribution from most windows and skylights
has a strong spatial dependence, zoning decisions have an important impact on both
the acceptability of the final system and the cost and effectiveness. In cases
where a group of fixtures or lamps are controlled by a single sensor, it is essen-
tial that different regions in the zone be illuminated in a similar way by the
window system. For example, a 15-ft-deep, 50-ft-wide zone, with identical window
treatment across the width of the zone, will have an illuminance gradient moving
from window to the interior depth but should not have much variation longitudi-
nally along the 50-foot dimension. In this instance a single sensor properly
located with respect to zone depth should provide adequate control over the entire
50-ft-wide zone. However, if the same zone was divided into five 10-foot offices,
each with their own operable shades or blinds, a single sensor located in one
office might produce very misleading control signals. Imagine a case where the
drapes in the office containing the sensor remained open on a sunny day, whereas
the other four offices had closed drapes or shades. Use of multiple sensors in a
zone to average a signal from several offices provides some improvement, but still
Teaves the possibility that the automatic lighting control system would respond
inappropriately under some conditions. These examples also assume that the visual
task requirements are uniform across the zone. If some tasks require more illumi-
nation than others, the appropriate solution would be to provide additional task
illuminance. However, if this is not possible or desirable for other reasons,
then the entire zone would have to be controlled in a way that satisfies the most
demanding task. An advantage of fixture-by-fixture controls is that each fixture
can be responsive to the visual requirements in that sub-area of the zone.

The appropriate location of a sensor that controls a single zone is the subject of
continuing research. One option is to place the sensor outside the zone, for
example on a vertical or horizontal surface outside the building. Then one
develops a relationship between interior levels and simultaneous exterior levels.
This approach has been used with some success, but seems unlikely to be a con-
sistently good solution because the relationship between interior and outdoor
illuminance levels is not necessarily constant. If signals from a number of out-
door sensors were read and integrated into the control logic, it might be possible
to obtain better correlations. However, correlations based on single sensor read-
ings are unlikely to produce satisfactory results. Sensors placed inside a room
could be placed on a variety of surfaces. A sensor at the task location would
read illuminance on the task on a dynamic basis. The signals read by sensors
mounted on the walls or ceiling depend on the field of view of the active element
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in the sensor. A ceiling-mounted sensor, for example, mounted over a task loca-
tion would effectively read the luminance of the task area with a narrow field of
view, or could read the luminance of a much larger piece of the room including
walls and window if its field of view was sufficiently large. Results to date
suggest that a limited field of view that avoids direct view of the window is the
preferred design. However, task locations in offices change, so some reasonable
breadth of sensor view is useful so that relatively minor changes can be made
without substantially affecting the relationship between sensor location and con-
trol system logic. In practice, the sensor acts somewhat as an integrator by
looking at a moderate to large section of the room fioor.

A further possibility is to locate a sensor in a scale model of the room that is
being controlled. The sensor location in the scale model would approximate the
task location, and the model would be mounted just behind the office glazing,
interior to any operable shading system. This appears to provide solutions to
several of the problems mentioned above, but remains to be tested to determine its
practicality and effectiveness.

The time response of the sensor is also a matter of concern. A system having an
instantaneous response may produce a "hunting" behavior between two adjacent sen-
sors whose field of view may overlap. At the other extreme a Tong time response
may not produce acceptable performance on a partly cloudy day, where the interior
daylight level may change dramatically in a relatively short time. In practice a
time response on the order of 30 seconds seems sufficiently long to damp out any
feedback problem between adjacent sensors and sufficiently short to respond to
most variations in daylight levels. An asymmetric response is best--fast response
in reductions to available 1ight, with slow response to increasing daylight.

Most existing systems that are ceiling-mounted respond indirectly to changes in
horizontal illuminance in the space. However, an occupant's perception of the
illumination quality and quantity is based on wall luminance and the perceived
brightness of other objects in the space. This can produce a situation where the
desired illuminance value is in fact maintained on a horizontal work plane, while
at the same time producing relatively large changes in the illuminance distriou-
tion around the space. Furthermore, horizontal illuminance is known to be a poor
indicator of visual performance. The spatial distribution of that illuminance and
the resulting task contrast as perceived by the occupant are important issues. In
princi:12 it should be possible to develop sophisticated sensor systems that drive
electric lighting systems so that equivalent visibility is maintained at all

11-7



times. Such systems have not been demonstrated, and it is uncertain that the
improved performance would justify the increase in cost and complexity.

As mentioned earlier, the human eye and brain can be considered a sensor-logic
system for manually operated lighting. The advantage of manual operation is that
the lights can be switched or dimmed at precisely the time that the desired visual
performance requirements are met. On the other hand, humans are fallible and most
will not spend their working time worrying about whether lights should be turned
on or off. Thus it seems likely that the average savings from manual systenms
would pe less than those from automatically operated systems. A major advantage
of manual systems is that in principle there is no additional cost beyond the
switch or dimmer already provided. However, the uncertainty in manual operation
makes it unclear what kind of credits can be taken on the load portion of energy
analysis calculations. In general, manual systems are plausible candidates for
one- or two-person offices where the controlled lighting is for a personal task
area. They might also be good candidates for use in intermittantly used spaces
such as conference rooms, library or reading areas, etc., as long as users are
conscientious in their use. In the case of a larger, open landscaped office,
manual controls are unlikely to work well since they may be under the influence of
a large number of people with differing needs and perceptions as to what consti-
tutes adequate illuminance. However, it is important to realize that human satis-
faction with the quality and quantity of the lighting is the ultimate goal. Even
automatically controlled systems will be manually operated—that is,
circumvented—if their operation is inconsistent with occupant needs. It is rela-
tively simple to tape an opaque element over a ceiling-mounted sensor so that the
sensor thinks that it sees darkness all the time and therefore keeps the lights on
at all times. The most detailed studies to date of manually operated daylight-
responsive lighting systems have been published by the Building Research Station
in England.

Control System Logic

The signals from lighting sensors must be processed prior to actuating a lighting
control. There are two major types of controls: distributed and centralized. In
the case of distributed controls, the signal received from the lighting sensor is
generally compared to a pre-set value representing the desired level. One sensor
can be linked to one logic unit, or the output of a single sensor can be sent to a
series of logic units in different fixtures. 1In the latter case all the fixtures
might be driven uniformly, or differentially if the set-point varied among the
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fixtures. This latter situation might be desirable in the case of fixtures that
step back from the window, but link to a single sensor at one lTocation in the
space. It would be possible to develop an approximate correlation between each
fixture and the single sensor and use that correlation as the basis to drive the
output of each fixture. The signals between sensors and logic units are typically
low-voltage, primarily to reduce installation costs.

The simplest logic systems compare an input signal to one pre-set level and send
an on/off control signal to the lighting hardware. The most obvious choice of
photosensor is a photo-relay facing outside the building. Since photo-relays are
typically thermal relays, thermal inertia tends to reduce the frequency of hunting
or cycling when the daylight level is near the switching set-point. In addition,
one can introduce a "dead-band" so that the lighting will be switched off when the
daylight illuminance on the photosensor exceeds 300 lux, but will be restored
until the daylight drops below 1500 tux. Limited data from some operating build-
ings suggests that even for relatively large deadbands (2:1), the 1lighting would
still cycle under some daylight conditions. This suggests that both an adjustable
deadband and an adjustable time response should be incorporated in one electronic
package. At present there are few manufacturers of such hardware.

In principle, a lighting system could be switched by a photosensor located inside
the controlled space and sensitive to the light from the controlled luminaires.
This is rarely done because, in addition to the above problems, the lighting sys-
tem will almost inevitably cycle on and off due to the sensitivity of the pho-
tosensor to the light from the fixtures it switches.

The second type of requirement is in a dimming or multi-step control system where
the sensor input actuates more than one control or selects an intermediate posi-
tion within a range of light output. For example, it is becoming more common to
find two three-lamp fixtures wired in tandem so that three 1light Tevels are possi-
ble. Based on input from a sensor, a simple logic device might then determine
whether 3, 2, or 1 ballast/lamp sets would be actuated. In the case of a dimming
system, the sensor would drive some form of proportional controlier to produce the
desired output. In the case of the new electronic ballasts, these control Tlogic
functions are integrated into the power control circuitry of the ballast. In some
cases the ballasts and lamps dim to 20 or 30% of output but do not go below those
values in order to maintain lamp 1ife. Additional logic could be provided so that
the systems turned off completely if daylight levels continued to increase beyond
those required to drop the system to its minimum set-point. One of the
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difficulties with this approach is that when the system turns on again it would
move back up the curve, beginning at 20 or 30% 1light output and eventually reach
100% light output in a dark room. However, for electronic and lamp 1ife reasons a
number of these systems turn on to full power and then dim down to the required
level in a span of 30 to 60 seconds. This might prove to be annoying to office
occupants.

There are several hardware-dependent reasons for not allowing lamps to dim below a
certain level. For example, current limiters installed on an entire branch cir-
cuit do not dim below ~50% for two reasons: 1) below 50% light output the differ-
ences in manufacturing tolerances between 1ighting system components results in
non-uniform dimming, and 2) lamp 1ife may be severely shortened due to reduced
cathode heating voltage. Systems using dimming ballasts can dim to almost 0%
1ight output but become extremely inefficient at the low end due to the necessity
of providing constant filament power.

Central control systems receive input signals from a variety of sensors and can
control lighting within a zone and among all zones in a building. In principle
these systems have great flexibility, and their response can be fine-tuned or
reprogrammed to meet changing requirements. At the same time it is important to
provide local control and overrides so that the systems are sufficiently respon-
sive case by case. An advantage of these systems is that many can be driven by a
number of inputs, for example, daylighting, occupancy, and time. Thus if a space
was partially daylit but the control system also knew that the space was unoccu-
pied, the lights could be turned fully off rather than just dimmed in response to
the daylight.

These systems require that all sensors be linked to a central controller and that
the central controller in turn be linked to all the lighting hardware. This is
generally done by using either low-voltage control wiring or high-frequency sig-
nals carried over power lines. The relative merit of each approach depends on the
case under study.

Lighting Control Hardware

This last generic element in any control system refers to the devices that control
power to lamps and ballasts. These can be divided into three general categories.
The first and simplest are relay systems that simply turn ballasts or circuits on
and off. Proper wiring of conventional relays to a series of ballasts and fix-
tures can provide a good degree of multilevel control with state-of-the-art
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hardware. At the other end of the spectrum are lighting control circuits built
into the new generation of electronic ballasts. In this case the circuitry that
controls the power output from ballast to lamp is integrated with the control
logic that interprets signals received from the sensors or equivalent low-voltage
signals received from the central control system. The distinguishing characteris-
tic here is that the actuating device and the ballast or lamp control are part of
the same device. The third category consists of auxiliary devices that are added
to lamp/ballast systems to provide additional control. A number of fluorescent
dimming systems originally designed as retrofit devices fall into this category.
These can be wired into a system in front of the ballasts to provide the desired
dimming control. In some cases devices are not as efficient as integral dimming
controls, although in others they are because the parasitic losses are distributed
over a large area. Their specific impact on the ballast and lamp system is highly
dependent on the means by which they provide the dimming control.

A number of the logic and control systems described above either reguire power to
operate or reduce the inherent efficiency of the full 1ight output from the light-
ing system. These parasitic power losses and inefficiencies can reduce the real
savings from a system compared to the system that runs more efficiently at full
1ight output, in particular if daylighting savings are small. For example, a day-
lighting system that saved 30% of net energy but whose parasitic power losses were
15% higher than a non-dimming system would provide a net savings of only 15%,
which might not justify the investment in the equipment.

Energy Savings

Part of the decision to invest in lighting controls is based on energy savings.
It is thus important to be able to estimate the probable and realistic savings
achievable using various control systems and strategies. As always, it would be
best to base these conclusions on extensive measured data from buildings. How-
ever, the existing database in this area is extremely limited, and it is difficult
to draw detailed conclusions at this point. In other sections we present two per-
spectives on the problem. In Section 4 we show results from a series of computer
modeling studies where daylight savings have been estimated for several lighting
control strategies. In Appendix B we review the data collected to date in a
number of buildings where lighting energy savings due to daylighting have been
measured or estimated. It is important to note that the difference in energy sav-
ings between lighting control systems is not simply a function of the characteris-
tics of the lighting control hardware and system design but also a function of
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architectural parameters such as window size, glass transmittance, and interior
room parameters. In Section 4 we also provide some additional comments on the
effect of lighting controls on peak electrical loads.

SUMMARY AND RECOMMENDATIONS

Effective lighting controls are essential to realizing daylighting savings. The
options are diverse, and there is little accumulated experience to guide decision
making. Dimming will almost always be more expensive than switching. Some stra-
tegies require dimming capability, especially lumen maintenance and, to a lesser
extent, daylighting, load shedding, and tuning. Scheduling can be easily accom
plished with only switching hardware. In regard to presently available hardware,
there is a fairly clear distinction between centralized microprocessor-based sys-
tems for scheduling and distributed lighting control hardware for the other stra-
tegies. At the present level of technology, a hybrid approach where all the
lighting is scheduled by a microprocessor but daylighting, tuning, and Tlumen
maintenance are implemented with dimming hardware in selected zones may be the
most cost-effective.

Several critical research areas require additional attention.

Analysis of Control System Performance

Energy savings and load management opportunities are critically dependent on the
interaction of control system type with the key variables such as glass area and
transmittance, design illuminance level, etc. Simulation results are presented in
Section 4 of this report, but this is an area that requires additional study. New
work should also examine the interaction of lighting controls with HVAC controls
and with operable fenestration controls. Control logic to optimize total building
energy consumption might be quite different from approaches that minimize lighting
energy consumption.

Lighting Control Hardware

Analysis of the type recommended above can reveal useful information about the
performance of existing lighting control hardware, but can also provide insights
into requirements for new control hardware. For example, such studies have shown
the need for better design of the photometric sensor in daylighted spaces. Some
work on development of improved elements in coatrol systems is currently underway.
Other control hardware elements might emerge from analytical studies or from
observations in buildings.
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Building Monitoring and Demonstration

Data collection in occupied buildings serves several useful purposes. First it
can be used to validate or build confidence in predictions from the analytical
studies. Second, these studies can identify critical performance issues that
impact savings but may not be accounted for in computer simulations (e.g., occu-
pant response issues). Third, successful demonstrations build confidence in the
conservation technologies, and help accelerate acceptance and utilization of the
approaches.

Handbooks and Design Guides

To have maximum impact, the useful information distilled from technical efforts
described above should be assembled into a package that can assist building
designers in specifying effective design solutions. These manuals should include
not only the technical results but critical design guidance on non-energy aspects
of the design of 1liahitina controls.






Section 12
TMPLEMENTATION

INTRODUCTION

The earlier sections in this report described the potential energy benefits of
daylighting buildings and some of the technical obstacles that must be overcome to
achieve those benefits. They also indicate that successful technical solutions
are a necessary but not sufficient condition to ensure that daylighting practices
are widely implemented in nonresidential buildings. This section explores some of
the real-world constraints and incentives that operate within the building design
and construction process. These can either act to reduce potentially beneficial
effects or to accelerate the implementation of strategies that otherwise might not
appear economically justifiable. At a minimum, the forces that influence design
in the building sector must be understood; a more aggressive stance is to attempt
to create a climate in which building owners and designers are encouraged to
incorporate daylighting strategies that reduce energy consumption and improve the
habitability and productivity in commercial building environments.

INCENTIVES AND CONSTRAINTS IN THE BUILDING PROCESS

There are three sets of potential incentives and constraints that might influence,
positively or negatively, the implementation of daylighting practices 1in the
United States. The first is the impact of new codes and standards for nonresiden-
tial buildings; the second is the impact of zoning ordinances; and the third is
incentive programs, primarily those developed by utilities.

Codes and Standards

While building codes and standards have historically been based on requirements
for health and safety, beginning in the mid-1970s this mandate was extended to
include energy effects as well. ASHRAE Standard 90-75, which was implemented in
the wake of the oil crisis, was widely incorporated into state building codes as a
basis for controlling the energy-related design of buildings. This standard, and
several subsequent updates, have been widely discussed and debated in the building
community. It is probably fair to say that while the standard may not necessarily
encourage optimum design, in many cases it reduces the probability of allowing
energy "hogs" to be built. Most design professionals acknowledge that initial
design is only one element in establishing real energy consumption in buildings,
and that operation, maintenance, and occupancy can have effects large enough to
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overcome those based on design alone. Despite this, many of the relatively simple
and cost-effective practices required by the standard have saved energy compared
to previous design, without inconvenience or significant costs to building owners.
In fact, a number of building surveys suggest that current thermal and lighting
design in buildings exceeds the minimum standards imposed by the ASHRAE standards.

The ASHRAE 90 standard addresses the envelope of a building only in terms of con-
ductive loss and solar heat gain. In setting criteria for envelope design, there
is no way to consider the potential benefits of using fenestration to reduce
1ighting energy requirements. Neither is there an option in the lighting section
to quantitatively account for benefits from the use of daylight. The only option
available to a designer wishing to get credit for a daylighted building, which may
require more glass than the code aliows, is to do a complete analysis of the pro-
posed building, comparing it to a design that meets the standard and showing,
using recognized simulation techniques, that the proposed building would have a
lower energy consumption. Only a small fraction of designers choose this route
since it involves additional engineering and design work. Because justifying a
daylignted design requires this additional compliance work, we can say that the
current standards inhibit daylight utilization.

A major study is under way under the auspices of ASHRAE and related professional
organizations to upgrade the commercial building standard. The technical basis
" for these upgrades are studies supported by the Depariment of Energy and coordi-
nated through a number of contractual activities managed by Pacific Northwest
Laboratories. This process has produced a proposal for a revised building stan-
dard which is now undergoing public review. Both the envelope and lighting sec-
tions of this proposed revised standard have significant changes directly address-
ing daylighting. The relative energy consumption of the building envelope is cal-
culated with daylighting as an explicit option. Additional benefits accrue to a
design that incorporates daylighting. The manner in which these benefits are
allocated to the envelope or lighting section is a matter of ongoing discussion.
However, in one form or another, it is clear that the final version of this code
will incorporate explicit references to daylighting in a way that should make it
easier for building designers to incorporate daylighting. The process of updating
this standard is a slow one, but in the long run these efforts should influence
revisions made by each of the states that model their building codes and standards
after the national ASHRAE standard. In addition, it is likely that results of
this work would first be applied to government buildings, and that this applica-
tion would provide some feedback on the success of these measures.
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Several states have not waited for the ASHRAE revision process and have developed
their own new nonresidential building standards. Recent changes in California
standards are another example of how these activities influence daylighting design
in commercial buildings. The proposed California standard is based on an overall
building energy budget that is determined for each major nonresidential building
type in each of several climate zones within the state. Energy simulation pro-
grams were used to determine budget goals based on extensive input from advisory
groups of building design professionals. The attempt has been to set the budgets
at a level that is consistent with readily available and proven commercial prac-
tice, that is economically beneficial to building owners and operators, and that
reduces energy consumption relative to current building design practice. Once
again, developing these standards has been a slow process, as the basic research
for the technical basis of the standard has been followed by extensive industry
input and review.

In the case of California, a major emphasis has been on minimizing the cost and
difficulty of complying with the provisions of the standards. One approach is to
create a number of standard alternative designs, each with different features that
have been shown to meet the required performance budgets for given climate zones.
In each case one alternative is typically a building with lighting controls and
adequate fenestration to provide significant daylighting benefits. By showing
that prescriptive criteria have been met, the designer can comply with the provi-
sions of the standard without extensive simulation or analysis. It is anticipated
that a large fraction of buildings submitted for compliance will choose this
prescriptive route. In some cases this approach should turn out to be even
simpler and less costly than standards based on ASHRAE 90. More important from
the perspective of daylight utilization, there is now a simple alternative that
incorporates daylight which can be utilized with the same administrative ease and
compliance effort as other nondaylighting alternatives. Since this may also pro-
vide the more extensive glazed areas that are often desirable in office buildings,
it may prove a preferred option in many cases. The California standard will be
phased into use over several years, so it is too early to determine its impact.
However, those involved in the ASHRAE 90 updates are examining the California pro-
posals carefully and seem inclined to incorporate some of the compliance features
described.

We emphasize that neither of these codes or standards provides detailed design
guidance to ensure that proper daylighting design principles are utilized. How-
ever, each makes it possible to use daylighting strategies without incurring
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additional extensive analysis to show compliance. By presenting a daylighted
building as an explicit option, it seems certain that these approacnes will
increase interest in these options and that in the long run, a greater number of
daylighted buildings will be designed and built. However, the success of these
buildings as productive work environments and as energy savers will still depend
on specific technical and design skills being successfully appliied to each case.

Zoning

In the past five years there has been renewed interest in the impact of zoning
ordinances as incentive or constraint to the preservation of solar access to pub-
1ic open space, including urban plazas, parks, streets, and adjacent highrise
buildings.

Urban planners, architects, and researchers have taken several approaches within
this legal format to address the critical issues of developing while acknowledging
a "right to light". Several U.S. cities, including New York and San Francisco,
recently have adopted zoning ordinances to assure a qualitative response to light
in the urban context.

Planners speak of appropriate tradeoffs with highrise developers, who evaluate
projects strictly for cost effectiveness, where placing a value on daylight can be
an illusive exercise. Given this renewed daylight consciousness, 1in 1979, the
City Planning Department of New York authorized a study to revise the existing
regulations last legally addressed in 1961, when Floor Area Ratio (FAR) was intro-
duced to control a building's bulk.

The 1916 New York Zoning Regulations prescribed wide avenues and uniform street
walls, resulting in set-back buildings that were eventually criticized as being
boring "wedding cakes"; these regulations were also examined for this new zoning
study.

In the published report by Kwartler/Jones Architects and Davis, Brody & Associ-
ates, admission of light and air to the street was the primary zoning considera-
tion, but it did not dictate building shape or form. This performance-based zon-
ing proposal would assess future building projects by four criteria including day-
1ighting, street wall length, and reflectivity. A developer would receive author-
jzation by scoring at least 85 points on a 100-point evaluation. Street wall
height and wall length were included as criteria to allow for a blending of new
and old projects. Reflectivity was optional, but building designs were credited
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for using light-colored exterior materials.

Daylight was the central element in the proposed ordinance. Building designs
would be evaluated by the amount of natural light that would reach the surrounding
street, using a "daylighting performance test." This innovative Daylight Evalua-
tion Chart is new to the field of U.S. zoning. It records, in a form of spherical
perspective, the amount of sky dome blocked by a proposed building as perceived by
a person in the street. A viewer's head turning a full 180 degrees across the
building is described to chart what the pedestrian would see.

The performance point system allows the architect and developer to trade off
between themselves 1in achieving overall performance. Because there were no
geometric limits relating to building bulk, shape, or form, the design choices
were left to the architect and developer, not dictated by the zoning ordinance.
Finally, this daylight-oriented regulation would ensure a level of daylight reach-
ing building facades that would encourage the use of daylighting for perimeter
task lighting.

The New York Planning Commission, in responding to the final report, endorsed a
two-level proposal: for a proposed project to receive zoning approval, it must
fulfill the requirements of one, not both, of the approaches, which are both based
on daylighting. The original performance approach received minor changes in scor-
ing the four criteria. The prescriptive approach is similar to elements of the
1916 ordinance, requiring the use of "sky exposure curves," which define the
allowable shape and bulk of proposed projects.

Similarly, in June 1984, San Francisco voters passed Proposition K, the “sunshine
ordinance," the first voter-approved limited growth measure for the city. signi-
ficant shadow on a city park or playground. Because the measure applied only to
Recreation and Park Department property, many large projects will not be affected.
This law is an amendment to the city charter, requiring any requests for exemp-
tions to be placed before the voters. Developers will remain in a flexible situa-
tion until "significant" shadows can be defined and modified by the Planning and
Recreation and Park commissions.

San Francisco planners were under pressure from both developers and environmental-
ists recently when a new downtown plan was proposed in August 1984. The new
voluntary plan is in direct response to the 1972 Urban Design Plan, which is
credited with allowing Manhattan-sized highrises to be built, cutting off sunlight
from many streets and major public open spaces, either completely or for much of
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the year. Building industry professionals now realize that these 1972 guidelines
created irreversible climatic change in this part of the city. Further, planners
now realize that sunlight cannot be separated from related problems, such as urban
temperature fluctuation and building-created wind currents that can affect a
city's economic and social vitality.

Finally, as an example of the growing concern for the preservation of daylight,
Tokyo chose a method of constraint to deal with a growing disregard of many ordi-
nances adopted over the last decade to guarantee residents a minimum amount of
sunshine each day in their urban houses and apartments. With increased highrise
development, Tokyo citizens have fostered the notion that light and heat are a
right and not a privilege. As a result, any developer or architect constructing a
building that casts a shadow on adjacent buildings or residential neighborhoods
can expect to receive a fine of $420 to $1260 for every hour of lost sunlight.
Even with the judicial and political contradictions that such a ruling would
engender, developers now recognize sunshine payments as part of the cost of pro-
jects. Proposed easing of government restrictions on the construction industry
continues to be discussed, while courts deal with a growing number of "right-to-
light" suits.

Many planning professionals believe that the debate at both the public and profes-
sional levels is becoming better defined, as metropolitan areas first acknowledge
the qualitative and energy-conserving quantitative aspects of daylignt, and then
address some of the complex planning issues through ordinance changes and public
referendums. The two examples discussed here point to the potential for develop-
ing a generic model for urban zoning. The New York performance approach is an
example. Street-level daylight is an attractive value for every urban setting. A
successfully developed daylighted environment will depend on coordination between
the design and planning professions to insure productive working environments.

Incentives

As utilities across the country have recognized that various conservation options
represent cost-effective alternatives to increasing generating capacity, they have
developed programs to accelerate the acceptance and use of these conservation
options. These utility programs include the residential and nonresidential sec-
tors and retrofitting as well as new building activities. As utilities are
increasingly able to predict the specific benefits that may accrue from each con-
servation option, they are broadening their programs from those that provide
information only to offering low-interest loans and direct financial subsidies to
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encourage implementation of specific actions. It is important to note that these
programs are structured to be beneficial economically to the building owners as
well as to the utilities, a situation in which both come out winners.

A utility incentive program that pays building owners to implement retrofit or new
measures might be structured as follows. First, one estimates the cost and poten-
tial savings in paybacks to the building owner for specific daylighting stra-
tegies. At the same time, one estimates the potential kilowatt and kilowatt-hour
reductions for the owner and the utility. The utility can also estimate its prob-
able cost for adding new generating capacity that would be required to provide the
equivalent Toad displaced by the daylighting strategy. Depending on the sophisti-
cation of the analysis, this could include both average demand and peak demand
effects. This can normally be translated into an annual cost per kilowatt hour
(kWh) and/or per kilowatt, which can be converted to a one-time incentive bonus.
In the case of several utilities that have planned or implemented such programs,
the incentive is structured as a one-time payment, amounting to $0.03 to $0.05/kKh
per year saved. In the case of a skylighted office building in which the day-
lighting strategy saves perhaps 4 kwh/ftz/yr, this may translate into $0.15 to
$O.25/ft2 of floor area. This is a direct cash supplement in addition to the
annual energy savings realized in the owners' utility bill. These incentive pay-
ments can be used to convert a design option that might appear to be marginally
beneficial to one that is more convincingly beneficial or to convert one that is
perceived as not beneficial to marginally beneficial. It also implies to the
prospective owner or designer that a utility, which usually has a conservative
reputation, believes that the technology is workable and cost effective. To
further encourage implementation of these actions, some utilities share the cost
of the analysis of the daylighting design. These incentive and design assistance
programs are probably the most direct and powerful influence to date to convince
both owners and designers of the value of incorporating daylighting designs into
their buildings. Incentives are aimed at reaching beyond the top few percent of
the design profession that will attempt to implement daylighting designs without
such incentives. Since these programs are new, it remains to be seen what their
impact will be. Furthermore, it places some pressure on the utilities to accu-
rately estimate the magnitude of potential savings, to ensure that there are no
adverse side effects, and to select the most appropriate specific daylighting
technologies for which they wish to provide incentive programs. Such an approach
always runs the risk of promoting technologies that are not workable or, con-
versely, of ignoring technologies that deserve to be promoted. In addition, the
content and structure of such a program depend heavily on the perspective of each
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utility on matters of energy conservation and load management.
EDUCATION AND TECHNOLOGY TRANSFER

Introduction

There is a rapidly growing need for sharing information at many levels of day-
1ighting research and application. This section explores the issue of communicat-
ing daylighting materials to professional architects and engineers, and suggests
ways to reach these professionals in their business places, in government offices,
or through educational institutions.

First, educational materials used to describe daylighting approaches and associ-
ated design procedures are likely to change over time. While the examples of good
daylighted buildings may be timeless, specific technologies and procedures are
not. Therefore, the information and tools translated from research must be flexi-
ble and updatable. Second, this kind of information must be versatile enough to be
useful in the many contexts for which it is intended. In a university classroom it
may be part of a larger curriculum unit; in a design office it may be the subject
of a series of afternoon seminars. Flexibility is mandatory.

The greatest challenge is the most basic, communicating the substance of daylight-
ing. Professionals often indicate that there are serious obstacles to communica-
tion between technical specialists and professional users of technical information
in almost any field of design. The character of each group's thinking and expec-
tations differs greatly from the other's.

Audience Types

The development of a series of audience profiles will help match the information
provided to the professional need, in addition to assigning priorities for an
array of information products. We will comment on five key professional audi-
ences.

Building Industry Professionals. This audience is diverse in both its training

and business approach to the building process. Yet the members of this group,
which includes architects, engineers, building owners, construction managers,
planners, and interior designers, must coordinate their professional efforts to
make a successful building.

Al1 of these professionals find themselves flooded with design information based
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on both technological and economic information and policy. Like other business
ventures, the larger the firm, the more individuals are specialized according to
interest and capabilities. Where in-house capacities are limited, consultants are
used. Further, the greater the number of employees, the more information gather-
ing and storage becomes systematized. Larger firms have extensive libraries and
make use of technical data storage systems, microfiche files, and computer files.

Government Policy Makers. During the past five years, government policy makers at

the local, state, and federal levels have responded to a variety of urban design
and environmental issues with building codes, tax incentives, and legislation.

The design and planning issues involving daylighting, which include sun access,
utility peak load, and building energy use, have been a vital part of this
response to the growing concern for the economics of conservation of resources.

Policy makers at all levels often lack strong connections to information on
current research or experimental applications that could help influence decision
making.

Professional Societies. The professional societies that embrace the building

jndustry, and specifically those that have targeted the issues of daylighting
design and application, are varied in their membership profiles.

This variety of educational backgrounds, professional motivations, and building
design approaches contributes to a sense of isolation in many instances, and
enthusiastic collaboration in others. Based on some of these historical profes-
sional alliances, the challenges of daylighting design with an integrated energy
approach have helped foster new motivation for working closely togetner and rely-
ing on shared expertise to solve problems.

Architects (American Institute of Architects/AlA) are working more closely with
engineers (Il1luminating Engineering Society/IES) to address the complex issues of
electric lighting and controls as they interact with fenestration and sun control
systems. Mechanical engineers are collaborating with energy analysis consultants
to address building envelope design strategies.

Educational and Research Institutions. Integration of energy-related issues into

architecture programs is entirely dependent on curriculum planning policies. 1In
general, there seems to be a consensus among faculty that daylighting should not
be treated as a separate discipline, except in a research seminar.
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Perhaps even more than the practicing professional, the person who teaches
energy-related courses wants to know the latest developments in the field. The
students graduating from professional building curricula enter their given prac-
tices with theoretical background and practical tools that'are often 10 years
ahead of current application. Either they are given "energy specialist" status,
or are expected to rise up in the ranks, often subverting this state-of-the-art
kKnowhow.

Most research institutions in the energy-related fields are split between govern-
ment and private funding. The source of support generally dictates research
objectives. Research programs that receive government funding often must steer
their objectives toward a broad-based audience of professionals, where privately
funded research can be product-specific.

Building Users. This often-overlooked audience is receiving renewed interest by

building professionals as building systems and materials grow in complexity.

During the 1970s, social and behavioral issues relating to the built environment
received wide attention by the design professions, but as energy concerns became
dominant, the building user was forgotten. Indoor air quality problems surfaced
as HVAC system changes and increased use of synthetic building materials caused
physical reactions among some building users. With the emergence of computerized
building energy systems to control ventilation systems, electrical lighting, and a
variety of interior and exterior sun control components, building users find them-
selves in an awkward position of not knowing what is happening to themselves in
their environment and in many cases having little or no control over interior
environmental conditions.

Users must be educated about these environmental issues and included in everything
from the design process to building component and systems operation procedures and
post-occupancy evaluations.

Within many of these audiences there is either an active, ongoing information dis-
semination component, planning and producing materials for their particular con-
stituency, and/or specific programs already in place to address the need for day-
lighting design tools and information. There is a continuing need for educational
and communication channels which cross traditional professional and disciplinary
boundaries. The 1983 International Daylighting Conference was a major step in
bringing participants from all segments of the design and construction community
together with researchers to discuss and review critical daylighting issues. A
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second conference is planned for 1986.
DESIGN TOOLS

The potential benefits of daylighting can be listed easily. Daylighting can 1)
enhance the quality of the indoor luminous environment, 2) improve visual perfor-
mance, 3) reduce electric lighting energy consumption, 4) reduce heating and cool-
ing loads, and 5) reduce peak electrical demand. However, not all daylighting
strategies will necessarily achieve all five of these goals; in some circumstances
achieving several of these benefits can only be accomplished at the cost of reduc-
ing others. To properly evaluate the successes and failures of a particular
design, it is necessary to establish clearly defined goals and objectives that
explicitly address the five issues mentioned above. Ideally, comparing what was
achieved in a design to what was intended will provide feedback that will prove
helpful in subsequent building design exercises.

One reason for clearly distinguishing which design decisions apply to lighting
quality, lighting energy consumption, peak demand impact, etc., is that the design
and evaluation tools may be quite different for each of these issues. Further,
the requirement for design tools that will enable adequate analysis or evaluation
of each of these issues will vary depending upon the stage in the design process.
As one moves through the design process and then through construction and occu-
pancy of a building, one's concerns differ, one's perspective changes, and tne
quality and quantity of information reqguired change significantly. Failure to
recognize this often results in applying an inappropriate design tool that may
produce incorrect or misleading results even if it is properly applied. Worse
yet, when appropriate design tools are not available, one may tend to let the
design tool output dictate design direction.

We briefly review some of the design tools available to assist in designing
pleasant, energy-efficient daylighted buildings. The discussion is not meant to
be all-inclusive or definitive, but rather suggestive of the many issues faced by
designers today and some of the options available to solve them.

Design tools may be complex because many factors may influence the determination
of interior illuminance levels. Figure 12.1 provides a partial 1list of key vari-
ables.
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DAYLIGHT

AVAILABLE I
ILLUMINATION | = X SITE l X FENESTRATION | X ROOM
ILLUMINATION I

IN A ROOM

® Time of Day ® Latitude . ® Sun Control ° Geometry

¢ Season ® Orientation ® Framing/Wall * Surface Reflectance
¢ Cloud Cover ® Landscape ¢ Sash ® Maintenance

* Microclimate ¢ Obstructions * Transmission ¢ Furniture

® Air Pollution * Maintenance ® Task Location

* Wall Location

* Size

Fig. 12.1. Variables that influence determination of interior daylight illumina-
tion.

One of a designer's most difficult tasks may be not the use but rather the selec-
tion of a design tool. Selection impiies a) that the designer has a choice, and
b) that the criteria for choosing are understood. Some of these criteria are
listed in Fig. 12.2. The first set of factors relates to the usefulness of the
tool, while the second set relates to technical requirements for it.

DESIGN TOOL CHARACTERISTICS

@ LEARNING CURVE INPUT REQUIREMENTS
@ EASE OF USE LIMITS OF APPLICABILITY
e AVAILABILITY TRANSPARENCY
e CosT SENSITIVITY
STABILITY

ACCURACY: ABSOLUTE/RELATIVE
QUANTITY/QUALITY
QUTPUT FORMAT

Fig. 12.2. Performance characteristics of daylighting design tools.

We a tend to lump daylighting tools into general categories such as calculation
methods, tabular methods, or graphic methods. However, these categories describe
the presentation format of the tool rather than the basis for its predictive capa-
bility. Fig. 12.3 shows a hierarchy of design tools based on the procedure by
which they were developed. Understanding how a design tool was derived helps us
understand its capabilities and limitations. Analytical approaches can be con-
verted directly to calculation procedures for hand calculations or programmaple
calculators, or can be converted into computer programs. Design tools based on
physical model measurements can be used directly for design purposes. They can
also be used to develop a data base from which other types of design tools can be

developed.
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DAYLIGHTING DESIGN TOOLS

PROBLEM SOLVING SOLUTIOM PRESENTATION
APPROACH _ FORMAT

4
COMPUTER PROGRAM

1) ANALYTICAL SOLUTIONS HAND CALCULATION PROCEDURE

ULAR FORMAT
NOMOGRAPH
PROTRACTORS

OVERLAYS

2) SCALE MODEL Ny, ‘3’ EMPIRICAL DATA BASE
STUDIES

ORRELATION CALCULATION PROCEDURE

NOMOGRAPH

3) GRAPHIC SOLUTION ——ﬁ PERFORMANCE DATA

(E.G. PROJECTIONS)

Fig. 12.3. Derivation of daylighting design tools.

Many examples of each type of tool shown in Fig. 12.3 exist, although their fre-
quency of use and adequacy vary considerably. The largest future thrust will
clearly be in the development of microcomputer-based tools, particularly those
having enhanced graphic presentation capabilities.

A major problem for tool users will be to evaluate the technical quality of
results emerging from these microcomputer programs. A set of measured benchmark
data is under development at Lawrence Berkeley Laboratory to provide the basis for
performance comparisons. Standardized procedures to test programs and interpret
results of those tests and comparisons will be needed. A critical function of
this approach is to indicate the limits of applicability of these programs, not
just their numerical accuracy.

Appendix E provides a sampling of existing tools with daylighting modeling capa-
bility.

12-13



RECOMMENDATIONS
From the brief audience profiles, some general recommendations can be made:
1. Codes and Standards

Continue to develop state and national building standards for new design (and
retrofit) that encourage and promote effective daylight utilization. This
should be accomplished by implementing standards and compliance procedures
that are pragmatic and cost effective from the building owners' perspective
and which do not impose unnecessary burdens on designers or code officials.

2. Incentives

Encourage further development of utility incentive programs based on electric
load management and energy savings potentials. Evaluate the effectiveness of
these programs in reaching and influencing decision makers and develop tech-
niques to determine the actual savings achieved by each incentive program
element. (See comments elsewhere on building monitoring program.)

3. Education and Technology Transfer

o One of the most effective ways to introduce a new concept to the archi-
tectural and engineering fields 1is through articles in professional
journals. Emphasis should be placed on conveying general concepts and
displaying case studies.

® To learn more about a topic, practical design manuals and design tools
are essential. They should stress rules of thumb and procedures to
evaluate cost effectiveness of alternatives. It is important to indi-
cate the 1imits of applicability for each tool and to provide a spectrum
of tools to address the varying needs at each point in the design pro-
cess.

8 An effective workshop or seminar on a topic is always useful. In order
to be successful, its objectives and content must be clearly presented.

The presentation(s) should contain graduated levels to accommodate indi-
viduals with more or less understanding of the topic.

1 Because of the large percentage of small firms, their needs should
influence decisions regarding costs of materials and courses.
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@ Each of the particular audiences have produced information at a level
tailored to their constituents' specific needs. The challenge remains
for building industry professionals to continuously review and update
these materials for content and effectiveness and then package and
disseminate them in a number of different formats to a wider market-
place. This activity is essential for the continued successful dissemi-
nation of daylighting design information that is trusted and believable.
A national network of educational institutions, the Daylighting Network
of North America, has recently been organized. This review, evaluation,
development, and dissemination function is a major objective of this
Network.

Design Tools

Provide up-to-date information to design tool users on the availability and
capabilities of various daylighting design tools. Develop methodologies and
the technical data that will allow others to critically evaluate the compara-
tive performance of alternative design tools for various daylighting design
applications.
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APPENDIX A
BIBLIOGRAPHY

This appendix lists most the publications on the subject of daylighting that
appeared in journals, books, and conference proceedings over the past six years.
A review of this work is instructive for several reasons. First, these articles
form a prime source of information, which we reviewed in the course of this
assessment study. Second, the number and timing of the articles indicates the
generally increasing level of interest in daylighted buildings that occurred over
that six-year period. During any equivalent period of time in the early 70s or
late 60s, there are many fewer publications on the subject of daylighting.
Finally, not only the number of publications but the content and themes of the
material have changed over time, as one would expect from a field in which there
is a continuously maturing view. A few things have not changed and that too pro-
vides valuable information. 1In 1984, as in 1977, there are still virtually no
studies that provide measured results from daylighted buildings.

| An initial version of this bibliography appeared in 1980 covering articles pub-
lished between 1977 and 1980. For this assessment report we collected and
reviewed the additional publications that appeared between 1980 and 1984 in the
major architectural, engineering, and lighting design periodicals, as well ‘as
conference proceedings, books, and other published sources.

RECENT DAYLIGHTING PUBLICATIONS 1977 - 1984
LBL DAYLIGHTING RESOURCE CENTER
OCTOBER 1984

Aalfs, M. 1983. The daylight solar vent: flexible design. In Proceedings
of the Eighth National Passive Solar Conference, ed. J. Hayés and U.A.
Andrejko, pp. 193-198. University of DeTaware, Newark: American Section,
International Solar Energy Society, Inc.

Aitken, D. 1983. The neglected half of commerical daylighting design re-
porting: selecting the controls, fixtures, bulbs, and ballasts. In
Proceedings of the Eighth National Passive Solar Conference, ed. J. Hayes
and D.A. Andrejko, pp. I8I-186. University of Délaware, Newark: American
Section, International Solar Energy Society, Inc.

Ander, G.D., and Maeda, B., 1984. Simplified daylighting energy savings for
non-daylighting building energy simulation prograims.
Energy and Buildings 6(3):221-228, as Technical Proceedings of the 1983
International Daylighting Conference, Feb 16-18, 1983, Phoenix, AZ, Ed.
J.W. Griffith and J.I. Yellott.
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Climate Regions

o

1The 13 general chimate regions have been developed from ongoing research at the AlA Re-
search Corporation in conjunction with the National Cimatic Center of NOAA The regions have
been based on heating and cooling needs, solar usefuiness in a 50° to 65°F range, wind useful-
nessn a 75° to B5°F range, diurnal temperature impact. and low humidity impact for natural heat-
ing and cooling of homes. Further information 1s avalable in Technica! Report No. 1, from the
AIA/RC.

Appendix: B
Daylight Design Building Case Study Review

Climate lA-------------------Niagara Falls, New York

Buffalo, New York
Climate 1B..........c........5pokane, Washington

St. Paul, Minnesota

Holland, Michigan
Climate 2.....¢c0vuevaveas...8i0ux City, Iowa

Philadelphia, Pennsylvania
Climate 3....................West Valley City, Utah
Climate 5......¢¢v0vevvees...Mt. Angel, Oregon

. Arcata, California

Climate 6.....vvu0eeevse.....Sacramento, California

Palo Alto, California
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Daylight Design Building Case Study Survey
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Case Study

Windows & Daylighting Group
Applied Science Division
Lawrence Berkeley Laboratory

Source(s):

: Building:

19

Architect:

Consultant

LD&A; P/A 9:81; Cannon Design Inc,

[:[ File D Slides
Hooker Chemical Office Building

(Occidental Chemical Center)

Address
Niagara Falls
USA

City State NY zip

Country

Mark Mendell

Firm Camon Design, Inc.
2170 Whitehaven Road

Address

City Grand Island StateNY Zip_ 14072
Country Phone/16/773-6800
s: Daylighting

Electrical

Energy Analysis __ J0hn Yellott

Mechanical

Structural Gillum Colaco

Landscape

D proposed Murban

[:] retrofit

Commercial/Office/Highrise

Building Type CODE 3.1.2
New York/USA

Geographical Location CODE 1A
43N ® latitude 79W ° longitude

D bldg obstructions

new D suburban [:] grnd reflectance

[:] rural

Square Footage 200,000 Completion Date] Q&2

D Design LElements D

1.1 side lighting
1.2 D clerestories
1.3 ] skylights 3.1
3.2
1.4 [:[ roof monitors 3 3
1.5 D atriums 3.4
1.6 ] light wells 3.5
3.6
1.7 [:] beam sunlight 3 5
.81 sun controls 3.8
el
D Glaging Type 4.1
2.1 single 4.2
4.3
2.2 double
4o
2.3 D triple 45
2.4 ] heat absorbing 4.6
47
2.5[] heat reflecting .
4.
2.6 D photochromic 4.9
4,10

2.7 D glass block
2.8

2.9

plastic

Davlight & Sunlight Controls

EXTERIOR
*F M A

D ]__J l:] vegetation
]] I__J D overhang
110 fins

|] D louvers

1 01 screens
D D Ij shutters
l:l I] ¥ 1light shelf/reflector
g 0o0na

INTERIOR

D U Mbetween glass
l] D Ij glazing
OO0 fiims

D [] ,] screens

D D D shades

O 00 blinds

E] H H drapes

shutters

VD [J vegetation
ooo

* F: fixed
M: manual operation
A: automatic operation

Vb men e e s
k21 17T] B i B

LY Tt mar wm.

’.Iifiiiﬁiiimiﬁsmﬁ -—

D Lighting Systems

Function/Location

Energy Use Total Watts

Hrs Yrly Oper'n Energy Yr KuH

Lighting Controls

5.1 D on/off 5.3 automatic

5.2D step/dimming 5.4 D manual
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Occidental Chemical Center

Niagara Falls, New York

"This 200,000 f£e2 square—~plan building
is probably the most energy-efficient
office building in this climatic zone,"
said Mark Mendell, principal-in-charge
of the project for Cannon Design, Inc.,
architects, engineers, and energy
planners, Grand Island, NY.

The building”s exterior consists of an
inner glass wall and an outer one, 4
ft. apart. The double skin 1s designed
to reduce significantly the impact of
air infiltration.

Between the glazed walls are assembled
airfoil-shaped 1louvers frequently used

for HVAC applications. The louvers
cover all glazed areas of the building
skin except the recessed lobby
entrance.

The double skin effect and louver

assembly have been achieved without
excessive costs, since they can be con-
structed with off-the-shelf components.

Each facade 1s controlled
dently, powered by motorized screw-
shaft rods, and activated by a light
sensor. During the day when the build-
ing is occupied, the 1louvers on each
face move simultaneously to track the
sun, eliminating direct sun and 1its
inherent heat gain, yet allowing dif-
fuse light into the offices. At night
when the building is empty, the louvers

indepen-

close completely, creating a fully
insulated opaque shell.

“The louvers work 1like a giant,
automatic set of venetian blinds,” Mr.

Mendell explains. "In the late after-
noon on a clear day, when the sun is in
the southwest, the louvers on the
building”s north and east face open
completely, in horizontal alignment, to
admit as much daylight as possible.
The louvers on the south face turn down
slightly, and those facing west turn
down to a maximum angle, 45 degrees, to
block the sun, while still permitting
exterior views.

"The facades will 1look different
depending on the weather, season and
Eime of day,” Mr. Mendell continues.
In the late afternocon on a sunny day
for instance, the north and east .
will be transparent, while

side will be nearly opaque."

faces
the west

Immediately inside the interior wall is
a 15-20 ft perimeter artifical lighting
area with staged controls to complement
daylighting. Offices on the rest of

each floor will use task-ambient light-
ingo

"On cloudy days the artficial perimeter
lights supplement sunlight in the
offices,” Mr. Mendell explains, "As the
sun brightens, these artificial lights
turn off automatically."

"The Hooker building”s artificial
lightigg requirements will be less than

1 W/ft® when taking daylighting into
account,” he adds. "This is substan-
tially less than the 2 W/ft“ achieved

by most buildings with efficient light-
ing systems."”

A central computer controls the artifi-

cial perimeter 1lights as well as the
alarm intercom security systems, HVAC
dampers, environmental controls and

other building functions.
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Windows & Daylighting Group
Applied Science Division . .
Case Study Lawrence Berkeley Laboratory Commercial/Office/High-Rise
Building Type CODE | 3,1.2
Source(s):__LD&A > 2:83 P 10 New York/USA
[Brilte [ slides Geographical Location CODE | 1A
Building: Liberty National Bank Headguarters -
ona ‘ L3N o 790 © tongs
(Norstar Bulldlng) 42N " latitude _ /7% longitude
Address

City_ Ruffalo State N[Y Zip
Country __ USA

Architect: Mark Mendell
Firm Cannon Design, Inc.
Address 2710 Whitehaven Road

City Grand Island ., NY 74, 14072
Country Phone 716/ 773-6800
D proposed zurban D bldg obstructions
Consultants: Daylighting Alan M.H. Sloan
gnew [:] suburban [:] grnd reflectance
Electrical
El retrofit D rural
Energy Analysis
Mechanical Square Footage 2164 000 Completion Date 1982
Structural
Landscape Construction Cost $15.187.000
D Desjrn Elements [> Davlight & Sunlight Controls
1.1 side lighting EXTERIOR
1.2 D clerestories *F M A
1.3 [{skylights 3.1 D l] ‘] vegetation
3.2 |r|:] [:l overhang
1.4 [:l roof monitors
3.3 ]] D I] fins
1.5 atriums 3.4 1 D ]] louvers
1.6 ] light wells 3.5 ] D [1 screens
3.6 1 shutters
1.7 D beam sunlight i 0l
3.7 i 1 1ight shelf/reflector
1.81 ! sun controls 3.8 0 D U
1.9 INTERIOR
D Glazing Type 4.1 |] D |] between glass
2.1 ] single 4.2 [J[J I slazing Lighting Systems
4.3 film
2.2 [B/double oo ° Function/Location
4.4 D D D screens
2.3[] triple 4.5 [ F[w}l shades
2.4 D heat absorbing 4.6 D D blinds Energy Use Total Watts
.7 dra
2.5 ] heat reflecting 4 000 pes Hrs Yrly Oper'n Energy Yr KwH
4.8 D D D shutters
2.6 [___[ photochromic 4.9 D ﬂ D vegetation D Lighting Controls
2.7[] slass block a0 000 5.1 ] on/off 5.3 [{automatic
2.8 ] plastic * F: fixed 5.2 m/stel’.)/dimming 5.4 [ | manual
M: manual operation
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4/83

B-5



The Norstar Building

Buffalo, New York

A major element
energy—efficlent
daylighting.
designer”s

of the building”s

design 1s the use of
According to the
extensive daylighting
analysis, the combination of the
building”s siting and envelope design
will provide natural daylighting to
nearly two-thirds of the building”s
usable area.

This proportion of daylit space 1is
achieved by limiting the width of the
12-level building to 80 ft, since the
daylighting benefits will extend to an

interior—-depth of 15 ft. The
building”s large perimeter also satis-
fies the owner”s requirement to accom—

modate many private offices, each with
window views, an especially desirable
feature for the building”s tenant ren-

tal floors.

Additionally,
position on
facades oriented to the
southwest, respectively. This orienta-
tion  guarantees permanent solar
access~~since no future building can
obstruct its daylight—-—and, according
to wind tunnel testing, also provides
outstanding wind protection on the
plaza created by the building.

the building”s angled
the site creates two long
northeast and

The design encompasses two slightly
different building facades to maximize
the benefits of solar daylighting while
minimzing heat gain. On the wall fac-
ing northeast, double~glazed windows
are flush with the building profile to
allow direct lighting. Approximately
25 percent of the glass (along the
upper section of each window area) 1is
clear. The remaining window area is
tinted to provide interior daylighting
with minimal solar heat gain.

On the southwest facade, the tinted
glass area is recessed, creating a com-
bination sun shade/light shelf to
broadcast light deep into the interior
and provide additional protection from
direct heat gain in summer months. The
remaining 25 percent of clear glass

B-6

surface 1s flush to the building pro-
file. This combination of recessed and
flush facades maximizes the effect of
daylighting, providing varying amounts

of 1light to nearly two-thirds of the
bullding”s work areas.

The primary artificial lighting
system——high efficiency, parabolic

fluorescent fixtures——uses fiber optic
sensors to adjust to daylighting condi-
tions. These sensors, controlling the
fixtures in the exterior offices,
automatically ad just the overhead
lighting to maintain at least 60 fc
illumination levels throughout the day.
The total artificial lighting load in
the building is estimated to be 1.3
W/ftz, a low figure for a commercial
office structure.
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[>Building: Farm Credit Banks Building

Source(s):

Address W. 601 First Avenue

City Spokane State WA Zip99204
Country USA

Architect: Bruce Walker

Firm WMFL

Address West 224 Main Avenue

City Spokane State WA Zip 99201
Country USA Phonéog /838-8681

Consultants: Daylighting Harvey Brvan

Flack & Kurtz
Energy Analysis Vladimir Bazijanac

Electrical

Mechanical Flack & Kurtz
Structural KKBNA Inc.
Landscape

Design Elements

1.1 [I(side lighting

D

D oposed m{rban
T

D retrofit

Daylight & Sunlight Controls

Commercial/Office/Highrise
Building Type CODE | 3.1.,2
Washington/USA
Geographical Location CODE 1B

47 .5N °® latitude 117.5W ° longitude

Mpldg obstructions
8

W D suburban rnd reflectance

[::] rural

Square Footage 252,000 Completion Date_1982
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EXTERIOR
1.2 E] clerestories *F M A
1.3 D skylights 3. D 1 [] vegetation
3.2 |1 0 1] overhang
1.4 | roof monitors
L 3.5 [ 00 sins
1.5 ] atriums 3.4 1 017 1ouvers
1.6 D light wells 3.5 ] D l] Bcreens
. |:] U ]] shutters
.7 b light
! D eam suniie 3.7 lrl_—] D light shelf/reflector
1.8 Iﬁ sun controls 3.8 D D D
1.9 ] INTERIOR
D Glazing Type 4.1 I] [ l] between glass
2.1[] single 4.2 [J [ elazing D Lighting Systems
4.3 f
2.2 M double 000 s Function/Location
4.4 0 [] [1 screens
2.3 triple 4.5 [ [0 J] shades
2.4 D heat absorbing 4.6 D D blinds Energy Use Total Watts
2.5[] heat reflecting 4.7 00 [ drapes Hrs Yrly Oper'n Energy Yr KwH
4.8 D 0 D shutters
2.6 D photochromic 4.9 U D D vegetation Lighting Controls
2.7[] glass block 10 [ 00 5.1 [ ] on/off 5.3 ]_-D’automatic
2.8 ] plastic * F: fixed 5.2 step/dimming 5.4 [ | manual
M: manual operation
2.9 E] A: automatic operation
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Farm Credit Banks Building Spokane,
Washington

The project”s major energy savings are
attributed to natural lighting of inte-
riors, energy conservation was the key
to developing the building”s configura-
tion. Relatively narrow tower floors
(65 ft interior dimension) minimize
middle zones that cannot be lit natur-
ally. Orientation of window walls
(north—-south) and open offices will
reduce the need for artificial light
during daytime hours up to 15 £t or
more from window. The reduction in
energy consumption can amount to 50 to
60 percent, the architects report.
Including mechanical and electrical
systems, the building has an antici-
pated annual energy consumption of
40,000 Btu/sq ft/yr.

The glass is shaded with exterior hor-
izontal and vertical surfaces, the out-
side edges being positioned three ft in
front of the clear glazing on the south
facade. Two horizontal surfaces, one
at sill height (32 in.), and another
seven ft above each floor reflect
natural 1light deep inside. The floor-
to~ceiling height on office floors 1is
nine ft. Vertical shades occur every
20 ft along the window wall. The total
shading prevents exposure to sunlight
from April to September; during winter
months, it allows limited solar gain to
supplement building heating.

Glare will be controlled by the upper
sun shelf and interior roller-mounted
vinyl solar shades that can be manually
operated by occupants.

Average artificial lighting energy con-
sumption 1is projected at 1.4 watts/sq
ft/yr, with standard parabalume over-
head fluorescent lighting fixtures con-
trolled by photocell dimmers that
respond to daylighting conditions.

Lighting levels in task areas are pro-
jected at 71 footcandles; corridors and
lobbies will attain 30 footcandles.
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Windows & Daylighting Group
Applied Science Division
Lawrence Berkeley Laboratory

lgase Study

Educational/College~Univ.

Source(s): LD&A, AIA J, 1:83,1).64

[T rile [] siides

[>Building: Civil/Mineral Engineering Building

Address Univ.

of Minnesota

City St. Paul

State MN Zip

USA

Country

Architect: David J. Bennett

Firm BRW Architects

Address 2829 Universi

city Minneapolis State

MN zip 55414

Country Phone

612, 379-7878

Consultants: Daylighting

BRW Architects

OLB & Assoc.

Electrical

L__] roposed [ﬂrban
L

ew L__] suburban

Energy Analysis

D retrofit

D rural

Building Type CODE 2.3
Minnesota/USA
Geographical Location CODE 1B
45N o latitude 73W ° longitude

D ldg obstructions
grnd reflectance

M: manual operation

2.9 ]

A: automatic operation

Mechanical OLB & Assoc. Square Footagell*z;soo Completion Date 1983
Structural _ MBJ Inc.
Construction Cost $lls115a000
Landscape
Desicn Llements D Davlight & Sunlight Controls r
1_zD clerestories *F M A
1.3[] skylights 3.1 B/D [l vegetation
3.2 W}] D overhang
1.4 roof monitors
3.3 1010 fins
1.5 m’atriums 3.4 1 O] iouvers
1.6 [] 1ight wells 3.5° []1 I screens
3.6 ]] [] 1] shutters
1.7 B b light
eam suniig 3.7 ID/I] |] light shelf/reflector
l.Blf sun controls 3.8 100
1.9 [] INTERTOR
D Glazing Type 4.1 D D D between glass
2.1 ] single 4.2 {1 [J [ elazing D Lighting Systems
4.3 fil
2.2[] double D D I] ne Function/Location
4.4 D D I:l screens
2'3D triple 4.5 D D [1 shades
2.4 ] heat absorbing 4.6 [J [0 [0 vlinds Energy Use Total Watts
2.5 ] heat reflecting 7 OO0 erapes Hrs Yrly Oper'n Energy Yr RwH
4.8 0 D D shutters
2.6 [ ] photochromic 4.9 [ ]][] vegetation D Lighting Controls
2.7[] slass block w10 000 " 5.1 ] on/off 5.3 [ ] automatic
Z-BD plastic * F: fixed 5.2 l:[ step/dimming 5.4 D manual
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Civil/Mineral Engineering Building

University of Minnesota

St. Paul, Minnesota

The design of the Engineering Building
at the University of Minnesota combines
relatively common energy-efficient sur-
face building practices with both
earth-~sheltered techniques already pro-
ven on the University campus and inno-
vative deep-earth sheltering. Addi-
tionally, high technology solar optic
daylighting systems will be wused for
the first time in any public building.

The bulk of interior 1lighting needs,
however, are met with a combination of
metal halide and high efficiency

fluorescent systems with some incandes-
cent accent system fixtures. Despite
the necessity for external electric
lighting in the earth-sheltered design,
the total connected lighting load is
estimated to be a low 1.59 W/ftz, with
lighting levels varying from 30 to 60
fc in hallways and general rooms to 100
fc task lighting in laboratories. This
load also includes the high pressure
sodium lighting surrounding the build-
ing exterior.

The three levels immediately below
grade are designed with no opening on
the northeast face. Openings are con-
centrated on the southwest face to
expose the central roofed areas to day-
lighting and direct solar gain. Inter-
nal space is laid out correspondingly;
laboratories and classroom requiring
precise lighting control are beneath
the sheltered area, while offices are
located on the sun-exposed side, which
also 1s steeped down into a sunken
courtyard to maximize solar benefits.
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Also, the use of landscaping 1is an
integral part of the Engineering Build-
ing design. This involves the use of
draping deciduous vines to provide
solar shading of the southwest facing
exterior in the summer months. During

the winter, the ivy sheds its leaves to
allow solar heat gain. This technique
of landscape microclimatology has pro-
ven effective in reducing solar heat
gain by 50 to 75 percent.

Another innovation 1s the use of a
remote view optical system to create an
11lusion of above grade construction in

the 110 ft space deep based on the
principle of the periscope, the system
will transmit a realistic, three-

dimensional view, looking west from the
site to the mined space reception area.
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Industrial (Warehouse & Factory)

DBuilding:

D

D Desirn Llements

PA 2:82, p.110

Source(s):

[ rile [] slides

Herman Miller Plant

Address
City Holland State MI zip
Country UsA

Architecr:  FPaul Kennon, Principal

Firm Caudill, Rowlett, Scott, Inc.

Address 1111 West Loop South
City Houston State 1% z1p77027
Country Phone 71% £21-9600

D urban

suburban

D rural

Consultants: Daylighting CaUdill’ ROWIEtt’ Scott

[:l roposed
gﬂew

Electrical
D retrofit

B.J. Kemper & Assoc.

Energy Analysis
Engineered Systems

Mechanical

Structural Caudill Rowlett, Scott

Landscape

Square Footage_zﬂg_,_é_w

Mgrnd reflectance

Building Type CODE 4
Michigan/USA
Geographical Location CODE 1B

43N ® latitude 86W ° longitude

bldg obstructions

Davlight & Sunlight Controls

. ide lighting : ; P R S S L e
1.1 side lig EXTERIOR !;v‘fg%l S .”“ e
1.2 E clerestories * P oM A [ ’E' \tﬂ ‘. ‘poltytri

- ) A M Wil
13 [ skylights 3.1 [J 1 1] vegetation ATy
3.2 [J IO |] overhang
£ .
1.4 D roof monitors 3.3 U l] D fine
1.5 ] atriums 3.4 |3 011 1ouvers
1.6 D light wells 3.5 D U |] screens
3.6 [] [J ] shutters
1.7 b light
[ bean sunlig 3.7 |3 0 I1 14ieht shelf/reflector
1.8 l] sun controls 3.8 D ﬂ D
1.9 [} INTERIOR
Glazing Type 4.1 D U D between glass
2.1 ] single 4.2 [J[J[] glazing D Lighting Systems
4.3 fil
2.2 L—_] double D D l] s Function/Location
4.4 OO screens

2.3[] triple 4.5 [] O[] shades
2.4 D heat absorbing 4.6 D D D blinds Energy Use Total Watts
2.5[] heat reflecting “? OO0 drapes Hrs Yrly Oper'n______ Energy Yr KwH

4.8 00 D shutters

2.6 ] photochromic 4.9 [] [}J] [ vesetation D Lighting Controls
2.7[] elass block 10 000D " 5.1 ] on/off 5.3 [ ] automatic
2.8[] plastic * F: fixed 5.2 [ | step/dimming 5.4 [ | manual

M: manual operation
A: automatic operation

2.9
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Herman Miller Plant

Holland, MI

For the new seating plant in Holland,

MI, the Miller organization chose CRS
of Houst, long known for its front end
collaboration design process, or
"squatters” sessions. From these early
meetings came design input from the
plant workers and managers, not just
from upper management. The intent then
was, to quote Paul Kennon, CRS
president and design principal for the

job, to "combine high morale with high
technologyeseee’ s In its final form,
the Holland facility will comprise two

more comparable plant segments, since
this 1is only the first of three
planned.

An expression of technology, the build-

ings are termed long, slick,
extrusion—-like elements on the exte-
rior, while the simple wide flange

columns and open web trusses and joists
are the interior aesthetic. Except for
one thing. The building skin is stain-
less steel outside, painted steel
inside, and insulation between. Pulled
outside the column 1line, the panels
stop short at the op and bottom, the
form completed by glazing. The entire
cornice is vaulted acrylic skylight,
and the “"base” is inward-slanting fixed
and sliding windows.

Exceptions to these conditions occur at
the entry, which awaits the completion
of the “people place”, a skylighted
pavilion to serve as entry, break or
lunch area, seminar space, and other
uses. This missing piece accounts for
the angled slices terminating the steel
skin on the southeast and northeast
facades near the present entry.

Because of the continuous top and bot-
tom glazing and additional skylights,
the interior requires less electric
lighting. The inner surfaces of the
perimeter walls fairly glow on bright
days, and workers are provided both
optional ventilation and eye-level
views through the lower glazing. There
is one problem with the cornice
vaults——-an overabundance of insolation

B-12

in some areas in warm weather which 1is
being studied; it would seem that some
form of optional shading or shuttering

should be 1installed. Trial panels of
more opaque acrylic have shown a dis-
tinct dampening effect on the
building”s expression and it is to be
hoped, will not be seen as the solu-
tion.
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Source(s):

] rile [] slides

Comm. Office Low~Rise

Building Type CODE 1.1.1
Iowa/USA

Geographical Location CODE 2

Towa Public Services Buildine
Headquarters

[>Bu11ding:

o
latitude

Address_ 401 Douglas
City Sioux City State A 2ip51102
Country UsA

Architect€s) (1) Rossetti Associates

(2 Foss, Engelstad, Heil Assoc.

Address_ - _*
City State Z2ip
Country (1)Phone3]13/9A4L-3240

(2) 712/252-3889 [ proposed [zfrban

D suburban

D rural

Consultants: Daylighting

Electrical Foss, Engelstad, Heil

Energy Analysis
Foss, Englestad, Heil

new
D retrofit

96W

© longitude

D bldg obstructions
D grnd reflectance

Mechanical Square Footage 167,635
Structural

t +77 4
Landscape Construction Cost__$14,35 million

(including interiors and site work)

Desirn LElements

1.1 [E/ side lighting

Davlight & Sunlight Controls

D

EXTERIOR
1.2 D clerestories *F M A
1.3 Mskylights 3.1 [J [ 1 vesetation
’ 3.2 [] [1 [] overhang
| f i
1.4 :] roof monitors 3.3 l] I:] D fins
1.5 Qfmiums 3.4 101 1ouvers
1.6 E] light wells 3.5 D D D screens
3.6 D 7 I] shutters
1.7 beam sunlight
- 57 000N
1.8 l:] sun controls 3.8 D D |:]
1.9 [ INTERTOR
D Glazing Type 4.1 D D I] between glass
2.1 D single 4.2 J O[] elazing D Lighting Systems
4.3 i
2.2 D double D D D films Function/Location
4.4 D D D screens
2.3[] triple 4.5 [ OO shades
2.4 L__] heat absorbing 4.6 D D D blinds Energy Use Total Watts
2.5[] heat reflecting 6?7 OO0 drapes Hrs Yrly Oper'n Energy Yr KwH
4.8 D D D shutters
2.6 [] photochromic 4.9 [] ][ vegetation Lighting Controls
2.7 M glass block 4.10 U D D 5.1 E] on/off 5.3 D automatic
2.8 ] plastic * F: fixed 5.2 | step/dimming 5.4 [l manual
M: manual operation
2,9 I:B/ fll\H’ﬁD A: automatic operation
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Iowa Public Service Bldg Headquarters

Sioux City, Iowa

Because it is not really a “public”
building in the normal sense, the entry
is restrained, and even though it 1is
four stories high, it 1is studded with
columns and somewhat ambiguous. For
security reasons, the reception foyer
is 1isolated, but visitors can just
begin to get a hint of the atrium
beyond the sloped glass wall. Behind
the receptlonist the atrium opens up
and, away from the entry, escalators
soar and bridges pass overhead under a
huge L-shaped skylight.

On each successive floor, the west edge
of the atrium steps one 36-ft bay
farther west while the bridges shift in
the same direction by 12 ft. As in the
reception area, sloped interior glazing
connects each bridge with a beam a
floor above, creating transparent cano-—
pies. A viewer on a bridge can look
down on another or up to the skylight,

and the angle creates a periscope -
effect for viewers farther away to view — T - ——
the reflected sky. B N

On the office floors, daylighting 1is
introduced in various ways. The fifth
floor has glass block outer walls and
clear glass on some corridor offices
while the lower floors have many perim-
eter office walls of bronze glass on
the exterior, glass block facing the
circulation (atrium) side. Because
these offices are located along the
south wall of each floor above the
first, light {1s transmitted through
them to the secretarial and circulation
spaces. Interior colors range from
green and orange to shades of mauve and
plum, in some areas perhaps threatening
to get a bit out of hand when added to
the rich materials palette of wood,
metal, and ceramic tile. But in gen-
eral the spaces are bright, warm, and
cheerful, and it is easy for a visitor
to feel the friendly interaction of the
employees while touring the building.
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Case Study

Windows & Daylighting Group
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Source(s):

DBuilding:

Architect:

Consultants: X¥¢lighting

D

1.1 [] side lighting

Glass Digest 4/83 p, 56; P/A 7:82

[] rite [[] slides

Philadelphia Stock Exchange

Building
Address 1900 Market St.
city Philadelphia gpace PA zip

Country USA

Gerald Cope

Design Llements

Firm _Cope Linder Associates

Address 1 North 12th Street

City Philadelphia gpare PA 75, 19107
Country Phone_z—ﬁ/ 925-6767

Wheel Gerztaff
Cosentini Assoc.

Electrical

Energy Analysis

Mechanical Cosentini Assoc.

Cope Linder Assoc.

Structural

D

Landscape

EXTERIOR
1.2 [:] clerestories *xF M A
1.3 E'_l’ skylights ' 3. I] D D vegetation
3.2 ] h
1.4 D roof monitors D U |] cverhang
3.3 I] I:] D fins
1.5 [K atriums 3.4 1010 1ouvers
1.6 D light wells 3.5 D D l] screens
|] D D shutters

Davlight & Sunlight Controls

—

Comm. Office High-Rise
Building Type CODE 3.1.2
Pennsylvania/USA
Geographical Location CODE 2
40N 75W

© latitude

D proposed Murban
i new D suburban
D retrofit D rural

Square Footage3()(), 000

Construction Cost

$23.6 million

D bldg obstructions
D grnd reflectance

1.7 D beam sunlight

I_] U |:| light shelf/reflector
1.81_] sun controls . nnn
1.9 ) INTERIOR
D Glazing Type 4.1 D D |] between glass
2.1 ] single 4.2 [J [0 glazing
4.3 iln
2.2 l]/double 000 fiime
4.4 0 O] screens
2.3[] triple 4.5 D U D shades
2.4 ] heat absorbing 4.6 [] [ vlinds
.7
2.5 heat reflecting 4 D D D drapes
4.8 D D shutters
2.6D photochromic 4.9 H D vegetation
2.7 ] sglass block 4.10 y]:] 0 ﬂVEEHAh&ﬁ
Z.BD plastic * F: fixed
M: manual operation
2.9 [:B/ LAM’NATEV A: automatic operation
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D Lighting Systems

Function/Location

Energy Use

Hrs Yrly Oper'n

Lighting Controls

5.1 ] on/off

Total Watts

Energy ¥r KwH____

5.3 D automatic

5.2D step/dimming 5.4 D manual
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Philadelphia Stock Exchange Building

Philadelphia, PA

In The Philadelphia Stock Exchange
Building, a 15,000 square-foot ridge
skylight caps a half-acre atrium con-
taining pools, fountains, waterfalls,
and lush greenery. Because of its
desirability, the structure

has been able to change a
higher per square foot rent than the
city”s average downtown space.

The eight-story, $23.6 million building
is almost a showcase for the ways that
glass can be wutilized in prestigious

commercial construction. In addition
to the dramatic skylight, the second
through eighth floors of the interior

encircling the atrium feature glass so
that occupants can view the garden.

The structure was developed with the
concept that tenants would rather have
more attractive surroundings, at a
higher cost, than a run-of-the-mill
facility. The theory turned out to be
correct. The building has been almost
totally occupied from its opening, and

the rents are $4 per square foot more
than other structures in the same
neighborhood.

The skylight is the key to the atrium.
The framing design consists of an
interlocking system of sloped rafters
and horizontal purlins made tubular
aluminum extrusions.

“"The marvelous thing about the
skylight,” explains Gerald Cope,
partner Cope Linder Associates, archi-

tects for the building, "is the sense
that you're in a great garden. For
those people in the offices looking

into that garden, there”s almost a con-
stantly changing scene through Winter,
Spring, Summer, and Fall.”
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The building has been designed to take
advantage of the energy-saving benefits

of daylight with the atrium. Artifi-
cial 1lighting normally accounts for
more than 50 per cent of a commercial

building”s fuel budget. Taking advan-
tage of free daylight through the large

expanses of glass 1s an effective
fuel-saving technique.

The skylight is not the only energy-
saving technique utilized. About

42,000 square feet of bronze reflective
insulating glass units were used on the
building exterior on the second through
eighth floors. The glass has a coating
on the first, or outdoor, surface.
About 12,000 square feet of clear insu-
lating units were used on the exterior
of the ground floor.

The bronze units consist of two pleces
of 1/4 inch glass with a 1/2 inch air-
space. The outdoor glass panel 1is
bronze tinted, and the indoor one is
clear. The units transmit about 19 per
cent of the available daylight, accord-
ing to the manufacturer”™s 1literature,
and reflect about 36 per cent of out-
door daylight. The glass has a low
shading coefficient and a low relative
heat gain to help in saving fuel.

The building interior has about
square feet of

31,000
1/4 inch green-tinted
glass on the second through eighth
floors. The interior of the ground
floor also is glass, with about 15,000
square feet of 1/4 inch clear units.
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I
CODE |

Source(s): DOF

m/File D Slides

[>Building: Johnson Controls Office

2255 Technology
W. Valley City gseace UT zip 84119

1JSA

Address

City

Country

Douglas Drake, Project Architect

Firm _Johnson Facilities Design Group

Architect:

Address 507 E. Michigan St.
city Milwaukee state WI z3p 53201
Country Phone 1 i/ 276-4200

ew

, : : roposed
Consultants: Daylighting Donald Watson, Wm. Lam D P
]E n

Electrical

Energy Analysis Donald Watson

D urban

suburban

D retrofit [ﬁural

Construction Cost 3848 ’ 654

Building Type | 3.1.1
Utah/USA

Geographical Location CODE ! 3
41N © 1atitude 112w longitude

D bjdg obstructions
grnd reflectance

Square Footage I4a884 Completion Datel2/81

Mechanical Fred Dubin
Structural Brust Engineering Inc.
Landscape
Design Elements D Davlight & Sunlight Controls
1.1 [B/side lighting EXTERIOR
1.2 m’clerestories *F M A !
1.3 E[ skvlights 3.1 ?;!] [] vegetation
3.2 W 1 [] overhang
roof monitor
4 O weof sanseors Ty
1.5 D atriums 3.4 ]] |] |] louvers
1.6 ] 1light wells 3.5 []J ] 1] screens
3.6 [J [J ] shutters
1.7 beam sunlight
D & 3.7 lf [] |] light shelf/reflector
1.8 i],sun controls 3.8 01
1.9 [ INTERIOR
D Glazing Type 4.1 [J [J ] between glass
2.1 [ ] single 4.2 101101 gslazing
.3
2.2 D double 4 D D‘ I] films
4.4 []1 011 screens
2.3 Z triple 4.5 D D D shades
2.4 [] heat absorbing 4.6 [] 0[] blinds
.7
2.5 L__] heat reflecting 4 D D [ arapes
4.8 D D D shutters
2.6D photochromic 4.9 D D D vegetation D
2.7 D glass block 4.10 D WIN%UL' CUF /

2.8 ]
2.9 ]

plastic * F: fixed
M: manual operation

A: automatic operation
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D Lighting Systems

Function/Location

Ehergy Use

Hrs Yrly Oper'n

Lighting Controls
5.1 D on/off
5.2 [{step/dimming

Total Watts

Energy Yr KwH_____

5.3 M automatic

5.4 f:] manual
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Johnson Controls (Qffice West Valley
City, UT

The cost-effective features of tne
design, according to Johnson officials,
result from the use of daylight. Reli-
ance on daylighting had an immediate
effect on space, structural, and facade
design concepts for the facility. In
order to employ combined daylighting and
passive solar heating to the extent
desired, the office incorporate approxi-
mately twice as much glass as other
Johnson offices; about 1,200 square feet
of glass for 10,000 square feet of
office/sales space.

The offices were placed on the south
side of the one-story building for max-
imum daylight and solar heat gain. The
warehouse space, where daylight and heat
are less critical, 1is on the darker
notner side of the obuilding. Also, an
®open-office' furniture approach was
used to enhance daylight distribution.

‘Unlike most modern buildings, minimum
ambient daylight 1levels were used to
help determine the final shape of the
building. Ambient 1ight levels at the
center of the office space can range
from a low of 60 footcandles in June to
a high of 270 footcandles in December,
without any artificial lighting. Light
levels will not, however, be uniform
throughout the space. Light levels at
the north and south walls of the office
will be about three times higher than at
the center througnhout the year, ranging
from 200 footcandles in June to about
850 footcandles in December. The day-
light solution dictated a maximum allow-
able depth of 60 feet in each space.

r_i—'— ]L
OFFICE ||
AREA j

L

In addition to increased glazing and
open planning, the office also required
higher ceilings than other Johnson
offices, to facilitate distribution of
daylight. The reflective sloped ceiling
of the single-floor structure ranges
from a height of 10'6" at the south wall
to 13'6" at the interior edge of the
clerestory spine.
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Windows & Daylighting Group
Applied Science Division . s
Case Study Lawrence Berkeley Laboratory Educ. Univ. Facilities
Building Type CODE 2.3.2
Source(s):___ Mt. Angel brochure Oregon/USA
[Z/File [E(Slides Geographical Location CODE 5
Building: Library, Mt. Angel Benedictine
45N © i 123w © i
College latitude longitude
Address
City_Mount Angel State QR Zip
Country _ USA
Architect: Alvar Aslto
Firm
Address
Ccity  Helsinki State Zip
Country Finland Phone __/
D roposed Durban D bldg obstructions
Consultants: Daylighting
new D suburban D grnd reflectance
Electrical
Dretrofit EB’rural
Energy Analysis
Mechanical Completion Date 1970
Structural
Construction Cost $132729000
Landscape
D Design LElements D Davlight & Sunlight Controls
1.1 side lighting EXTERIOR
1.2 m‘clerestories *F M A
1.3 skylights 3.1 [] [ ] vegetation
; ] 3.2 [J [J|] overhang
W4 roof monitors
1 3.3 [:] D |] fins
1.5 ] atriums 3.4 |!"|:[ ] 1ouvers
1.6D light wells 3.5 ] D I] screens
3.6 [J ] I] shutters
1.7 beam sunlight
D 3.7 1 1 1ight shelf/reflector
1.8|_—_] sun controls 3.8 I:l D D
1.9 [] INTERIOR
D Glazing Type 4.3 D D D between glass
2.1 [] single 4.2 [J [ [0 elazing D Lighting Systems
.3 1010 films

2.2[] doudle Function/Location

4.b screens

ogaad
2.3[] triple 4.5 [0 [ [ shades
2.4 D heat absorbing 4.6 D D D blinds Energy Use _ Total Watts
2.5[] heat reflecting 4.7 D D D drapes Hrs Yrly Oper'n Energy Yr KwH
4.8 D D D shutters
2.6 [[] photochromic 4.9 [] [J] [ vegetation Lighting Controls
2.7 ] glass block 40 000 5.1 [] on/off 5.3 [ ] automatic
Z-SD plastic * F: fixed 5.2 D step/dimming 5.4 D manual
M: manual operation
2.9 D A: automatic operation
4/83
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Library Benedictine College

Mount Angel, Oregon

Workspaces occur at both levels of the
library: open desks on the perimeter of
the upper level without view but with
high-level 1light, and below, carrels
near exterior windows running from desk
to ceiling and partially shaded by
external vertical timber louvers. The
outside finish wall materials are rough
yellow brickwork, the basement cut into
the hillside is dark painted concrete,
and all window frames are dark hard- e
wood. The roof is copper.
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Windows & Daylighting Group
Applied Science Division
Lawrence Berkeley Laboratory

Case Study

Solar Age, Oct 81 p. 65

Source(s):

] rite [] siides

[:>Buﬁjing: Humboldt State University

Science Complex

Address
city Arcata State CA zip
Country 1ISA
Architecr: Richard Bartlett
Firm Ratcliff Architects
Address 3408 Grove St.
city Berkeley state CA zip 94703
Country Phone 415/ 652-1972

Consultants: Daylighting

Electrical _Buonacroysi & Assac

Energy Analysis

Mechanical

Buonaccorsi & Assoc.

Structural

Landscape

D Design Llements

1.1 D side lighting

>

Daylipht & Sunlight Controls

EXTERIOR
1.2 E] clerestories * F M A
1.3 [E/skylights ' 3a ] 1 [] vegetation
3.2 [J I 1] overhang
1.4 D roof monitors )
100 fins
1.5 D atriums |] I:l ]:I louvers
1.6 L] light wells 101 screens
D D l] shutters

1.7 D beam sunlight

3.7 01N
1.81:(5\“1 controls 3.8 ¥ ] 0

light shelf/reflector

ARKEEN Hov=E

'
1

Educ. Univ, Facilities
L Building Type CODE 2.1.2
’ California/USA
Geographical Location CODE 5

41N

124w

° latitude ° longitude

D proposed l__—] urban D bldg obstructions
new suburban D grnd reflectance
D retrofit D yural
Square Footage 50,000 Completion Date_]Q87
$4 million

Construction Cost

1.9

INTERIOR

Glazing Type 4.1 D D D between glass
2.1 1 single 4.2 [J [J[I glazing D Lighting Systems
4.3 film
2.2 [E’double 4t 8 S B e Function/Location
. screens
2.3[] triple 4.5 [1 [0 shades
2.4 [] heat absorbing 4.6 D [] D blinds Energy Use Total Watts
2.5 D heat reflecting -7 D D D drapes Brs Yrly Oper'n_____ Energy ¥r ki
4.8 D D D shutters
2.6 [:] photochromic 4.9 lr D D vegetation D Lighting Controls
14
2.7 ] sglass block 4.10 D y D LOVVERS 5.1 l___] on/off 5.3 D automatic
2.8 plastic * F: fixed 5.2 [ ] step/dimming 5.4 _E'/manual

M: manual operation

2.9[:[ A:

automatic operation
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Science Complex Humboldt State Univer-
sity

Arcata, California

A two-story laboratory building in the
shape of an "L" with rounded corners
holds most of the complex”s 50,000
square feet of floor space. A continu-
ous skylight at the building”s peak
will provide some daylight to the
second floor. The return air duct and
the copper tubing of a domestic hot
water preheat loop will fill 70 percent
of the skylight aperture.

Like the band of glass that parallels
it above, a continuous two-story glazed
chamber forms the outer wall of the
south and west sides of the laboratory
building. The four-foot airspace
between layers of glass will trap heat
in a buffer =zone and surround the
supply-air duct with insulating air.
Vents running the length of the chamber
walls on both floors permit flexible
ventilation control.

The double-glazed greenhouse 1is divided
into rooms with controlled climates so
that botanists can breed plant speci-
mens with varying light, temperature,
and humidity needs. Part of the south
perimeter is a Trombe wall.

To the east of greenhouse will sit a

Plexiglass dome for heat-~loving sub-
tropical plant specimens.
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Windows & Daylighting Group
Applied Science Division

Case S‘tudy Lawrence Berkeley Laboratory Civic Office Low-Rise
Building T .pe CODE 1.1.1

Present Value, Constructing a ’ - -
Source(s):_ Sustainable Future, p. 47. by G. Coe California/USA

[zﬂ"ile [B/Slides Geographicsl Loca:ion CODE 6

DBuilding: Grepory E. Bateson Building N
(Site 1-4) 38N ° iatitude 122w ° longitude

Address Eighth & D Streets
city Sacramento stateCA zip
Country UsA
Architect: Glen Hezmalhalch, Project Architect
Fi Office of the State Architect
irm
Address 1500-5th St.
city Sacramento State CAzip L
Country Phone916/ 322-4932
. roposed [ﬁrban bldg obstructions
Consultants: Daylighting (in-house) o P L]
new D suburban grnd reflectance
Electrical

D retrofit D rural

Energy Analysis

Mechanical Square Footage 276,000 Completion Date 1980
Structural . .
Construction Cost_ $19.6 million
Landscape
D Design Llements D Davlipght & Sunlight Controls [ ; '
1.1 [] side lighting EXTERIOR p
1.2 ]:] clerestories * T M A
1.3 [ skylights - 3. 301 vegetation
3.2 ] ]] [] overhang
1.4 B roof monitors
3 I] |:| fins

ATl T

.3 1
1.5 [B’atriums 3.4 I] ]] Vlouvers

1.6 [:] light wells 3.5 D D I] screens
D U I] shutters
D ]] D light shelf/reflector BN

1.7 D beam sunlight ;
3.8 1] W oHAPES

e

1.8}j sun controls

1.9 ] INTERIOR
D Glazing Type 4.1 U D ]] between glass I
2.1 [] single 4.2 [J [J 11 glazing D Lighting Systems
4.3 fil
2.2 [] double 00 I fitms Function/Location
4.4 [ [ 1] screens
2.3 D triple 4.5 D D D shades
2.4 D heat absorbing 4.6 000 blinds Energy Use ____ Total Watts
2.5[] heat reflecting w7 OO0 erapes Hrs Yrly Oper'n Energy Yr KwH___
4.8 D D shutters
2.6 [] photochromic 4.9 [] [J veeetation Lighting Controls
2.7 D glass block 4.10 D D D 5.1 ]:l on/off 5.3 D automatic
2.8 ] plastic * F: fixed 5.2 [ | step/dimming 5.4 [ | manual
M: manual operation
2.9 D A: automatic operation

4/83
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Gregory E. Bateson Bldg

Sacramento, California

A striking feature of the 276,000 sq.
fr. building 1is a central atrium or
court. The landscaped court replaces
corridors as the main passageways and
includes areas where employees can meet
for 1lunch and coffee breaks. In addi-
tion to improving the work environment
with plants, 1light, and space, the
court has a number of energy-related
benefits. North- and south-facing
skylights cover the court, providing
light and air. Exhaust fans and
louvers that shade the skylight will be
computer-controlled to maintain a com-
fortable environment while using only a
fraction of the energy that would ordi-
narily be required to heat or cool that
much space.

During winter, the exterior shading
louvers can be opened to allow direct
solar gain to enter the court, thereby
providing ample passive solar heating.
In summer, the louvers will automati-
cally Dblock the sun”s rays, while
admitting indirect daylight. During
the day, the court will remain cooler
than the outside because the direct sun
is blocked out.

Along the perimeter of the building,
heat infiltration 1is regulated by the
use of trellises on the south side and
exterior shading on the east and west
sides. The trellises act as an
overhang, blocking summer sun but
allowing the low winter rays to enter.
Computer—-controlled exterior shades on
the east and west will lower the shade
windows from direct sunlight and
retract when the sun is off the window
pane. Exterior shading prevents heat
from entering, allowing for greater
window area without adding to the cool-
ing problem, and larger windows reduce
the amount of artificial light needed
in work areas.

B-24

Lighting in Site One will require half

~of the power required by a convention-

ally engineered office building, while
providing better 1lighting conditions
for office workers. Much of this sav-
ings 1s achieved by the use of indivi-
dually controlled lighting for specific
work areas. Where that type of light-
ing 1s not possible, 1in conference
rooms for example, louvered fluorescent
fixtures will be used.
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Windows & Daylighting Group

Applied Science Division .
Case Study Lawrence Berkeley Laboratory Educ. University Facilities
Building Type CODE 2.1.2
. Present Value, Constructing a T
Source(s): . ? & California USA
Sustginable Future p. 29 by G.Coe
File Slides Geographical Location CODE 6
[>Building: Terman Engineering Center o o
38N latitude 122w longitude

Address
City  Stanford State_CA Zip
Country USA

Architect: Harry Weese
Harry Weese & Assoc.

10 West Hubbard

Firm
Address
City

Country

Chicago State JL Zip

Phone 312 467-7030

Consultants: Daylighting Harry Weese & Assoc.

Kammisa & Wipf

Electrical

Energy Analysis

Mechanical Kasin Guttm Assoc.
Structural Nishkian Hammill & Assoc.
Landscape

D posed

[:] retrofit

Construction Cost

[:] urban

suburban

D rural

D bldg obstructions
grnd reflectance

Square Footage] 52 Q00. Completion Date 1977

$7.5 million

Davlight & Sunlight Controls

D Desirn Elements D

1.1 side lighting

EXTERIOR
1.2 !:l clerestories *F M A
. P
1.3 m/ skvlights 3a B |1 |] vegeration
3.2 [] {J|] overhang
£ .
1.4 D roof monitors 3.3 ]] D |:] fine
1.5 triums I:] D D louvers
1.6 %ight wells D D/D screens
D E ]:I shutters

1.7 D beam sunlight

5
3.6
3.7 1A

1 1ight shelf/reflector
1.8]_] sun controls 1 @‘_
1.9 [ INTERIOR
D Glazing Type 4.1 1] 0 D between glass
2.1 [E’single 4.2 0010 elazing
4.3 £il
2.2 D double D D U Lams
4.4 D D l] screens
2.3[] rriple 4.5 [ O[] shades
2.4 [] heat absorbing 4.6 [] [1{] blinds
5 D heat reflectin 47 D D drapes
. eat refle
2 & 4.8 [] D shutters
2.6 [ ] photochromic 4.9 ][ vegetation D
2.7 D glass block 4.10 D D D '
2.8] plastic * F: fixed

M: manual operation
A: automatic operation

2.9 ]
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D Lighting Systems

Function/Location

Energy Use Total Watts

Hrs Yrly Oper'n Energy Yr KwH

Lighting Controls
5.1 D on/off 5.3 D automatic

5.2 [ | step/dimming 5.4 (] manual
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Terman Engineering Center

Palo Alto, California

The Terman Engineering Center is a
seven—-story, 150,000 sq. ft., L-shaped
building with a pool on the south and a
shaded sunken garden on the northe. The
first two floors are made of pre-cast

concrete. The floors above the con-
crete base are framed 1n wood; lam-
inated beams of fir and hemlock are
bolted to fir columns. All of the

building”s service systems--sprinklers,
water plpes, cable trays——are exposed,
a feature that saves money and was con-
sidered desirable by the users.

All

French
glass.
operated

offices have floor—-to—ceiling
windows with bronze~tinted
Outside the windows are hand-

louvered shutters that slide
closed on tracks. When closed, the
shutters block out direct sunlight but
allow soft filtered light and air flow
through the rooms. The corridor doors
are made with an insert which, when
opened, allows air movement through a
louvered door panel. This feature
enables visual privacy while allowing
for air circulation. Each room 1is
equipped with baseboard hot water con-
vectors for winter heatinge.

B-26

Vertical shafts in the corridors are
topped with operable skylights. These
induce circulation by exhausting hot
air and simultaneously reflecting light
down the shaft into the corridors,
minimizing the need for corridor light-
ing.

The combination of daylighting and ven-
tilation methods has been proven effec-
tive. Two summers have passed, and
even advocated air-conditioning during
the planning stage admit that the Ter-
man Center is a pleasant place to work.
One professor noted that the induced
ventilation, due the stack effect
created by the open skylights, 1is &so
effective that he has trouble keeping
messages tacked to his bulletin board.
He also reported that, after working in
the building two years, he has yet to
turn on the heat.
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APPENDIX C
INSTRUMENTATION

The use of scale models to assist in the development of daylighting strategies is
one of the few areas of architectural design where direct physical measurements,
in a simple building analog, provide useful data for design purposes. The only
related simple use of models 1is to predict sun shading and sun penetration pat-
terns in buildings. However, unlike the shadow evaluation, which normally
requires only visual observation of the data "collection" element, daylight
illuminance measurements require relatively sophisticated 1ight measurement sys-
tems to provide useful data. Scale modeling is widely promoted in the architec-
tural press as an alternative to the reliance on computer models for analysis of
daylighting strategies. But, the average potential user faces two significant
deficiencies: 1) access to adequate photometric instrumentation and 2) a sound
understanding of the technical basis for light measurements, the procedures to pe
followed, and the limitations associated with those procedures. Educational and
training materials can assist in removing the second obstacle, but access to
instrumentation remains a critical limiting factor.

In 1981, we completed a review of photometric instrumentation that was available
on the market (other systems can be custom-fabricated for research purposes). 1In
this report we have updated the product data and price information to reflect cost
and availability as of 1983. In general, we find that available photometric
instrumentation does not meet an architect's (engineer's) or 1lighting designer's
combined requirement for small size, accuracy, and Tow cost. Furthermore, a
desirable package for architectural use would combine a number of sensors linked
to a single readout and would provide some ability to store and manipulate the
gathered data. While a few consulting groups and several research groups have put
together special instrumentation packages having these factors, they are not com-
monly available as modular, commercial 1items.

Two activities are suggested by this situation. First, it would be useful to
develop a "low-cost, accurate, versatile" photometric system that fits the needs
of design and engineering firms. This might involve limited "market research" to
determine the needs of potential users. Second, utilities, universities, and
other institutions could make instrumentation packages available to design firms
on short-term loan. Similar equipment loan programs (e.g., wind data collection
systems) have been successfully instituted by utilities in various parts of the
U.s.
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The data in the following table were last revised in mid-1983. The table contains
a large number of manufacturers of relevant equipment; however, others not listed
may offer similar equipment. Manufacturers should be consulted directly to deter-
mine current prices, performance, and availability. Inclusion ‘in this table does
not constitute a recommendation by the authors or sponsors of this report. illumi-

nance
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APPENDIX D
FENESTRATION CONTROLS

OQur energy analysis studies indicate that daylighting savings can be reduced or
eliminated if cooling loads imposed by solar gains are not adequately controlled.
The performance of available systems is a critical constraint on how well solar
gains can be controlied. In Section 9 we discuss the issues and hardware options
for sun control; in this appendix we provide more detailed performance data on a
sampling of the available systems to indicate their capabilities and limitations.
We emphasize interior and exterior operable systems because heat-absorbing,
reflective glazings and permanently mounted shade screens are familiar commercial
products.

Product descriptions, performance claims, and data are reproduced from information
supplied by the manufacturers. No claims are made concerning the validity, accu-
racy, or completeness of any product descriptions. Owing to the number of
manufacturers of these products, only a representative sample could be included.
Absence of any product, trade name, or manufacturer should not be construed to
reflect unfavorably on that trade name or manufacturer, and the mention of certain
company names or brand-name products is not intended as a recommendation of them
over other companies or similar products on the market. Inclusion in this docu-
ment does not constitute an endorsement by the authors or sponsors of this report.

Glossary

TV: visible transmittance

Rv: visible reflectance

Ts’ RS: so]ér transmittance, reflectance

S.C.: shading coefficient

Usg: overall U-value, device plus single glazing
Udg: overall U-value, device plus double glazing.
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENFRIC TYPE: External Awning
PRODUCT NAME : Constant Tension Mechanism Awning
MANUFACTURER : John Boyle and Co., Inc.

3 Westchester Plaza, Elmsford, NY 10523

DESCRIPTIVE CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [ ]Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [X] Retractable [ JAir Tight

[ ]Seasonal [ ]Adjustable [ ]Wind Resistant
DESCRIPTION

This movable external awning is deployed over slopping or vertical glazing by a constant ten-
sion mechanism (CTM) powered by a tubular motor. The mechanism maintains taught fabric
throughout the deployment cycle. Areas from 2' by 2' to 20" by 20' can be covered by one stan-
dard unit. Available fabrics include triple-ply vinyl-polyester laminate, resin impregnated cot-
ton duck, vinyl-polyester industrial cover fabrics, translucent vinyl-polyester and spun-dyed
acrylic materials. The motor may be controlled by time clock or by weather sensors.

COST
Not available.

PERFORMANCE CHARACTERISTICS
Not available.

LIMITATIONS
May impede egress if used over operable glazing. Certain fabrics are not flame retardant.

COMMENTS

REFERENCES
Constant Tension Mechanism brochure.
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : Exterior Venetian Blinds
PRODUCT NAME : Baumann Exsctrol'rM Blinds

MANUFACTURER: Baumann Inc. (Distributor)
1301 N. Main St., Wauconda, 1L 60084.
(312) 526-7755

DESCRIPTIVE CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [ ] Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [X] Retractable [ JAir Tight

[ ]Seasonal [X] Adjustable [X] Wind Resistant
DESCRIPTION

Slats are fabricated from aluminum and are approximately 80mm wide. Side tracks guide the
ends of the slats and prevent rattling and distortion due to wind. Certain models use plastic
lips on the slats to effect a better seal when fully closed and to minimize noise by eliminating
metal-to-metal contact. The slats deploy into a blind box above the window by means of
manual crank operation, or by action of an electric motor controlled by one or more of the fol-
lowing: manual switch, anemometer, timer, thermostat and rain detector. An automatic unit
is available to cause the blinds to open to a preset slat angle after lowering. Blinds are avail-
able in several colors, slat widths and slat profiles.

COST
Not available.

PERFORMANCE CHARACTERISTICS

Type / Condition T, R, T R, S.C. Usg Udg
Light color 0.15 1.00 0.45
Dark color 0.25 1.00 0.45
LIMITATIONS
May impede egress.
COMMENTS

Automatic features are available on some models to insure opening in case of fire.
REFERENCES

Manufacturer’s brochure.

Initials: jk, kmp Date: January 1983 LBL File No.: 4.2.2
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : External Shutters
PRODUCT NAME : Rolladen

MANUFACTURER: American German Industries, Inc.
14611 North Scottsdale Road, Scottsdale, Arizona 85260
(802) 991-2345

DESCRIPTIVE CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [X] Thermal Insulation
[X] Add On / Retrofit [X] Operable [X] Acoustic Insulation
[X] Permanent [X] Retractable [X] Air Tight

[ ]Seasonal [ JAdjustable [X] Wind Resistant
DESCRIPTION

Roll-down exterior (or interior) shutter made of interlocking extruded profiles, either in PVC
with dead air space, or in Aluminum with polyurethane insulation. PVC is available in beige,
white, gray, saddle tan and wood grain. Aluminum is available in gray, white, silver, light wood
grain and dark wood grain. When forcible entry is attempted, an automatic locking mechan-
ism releases teeth which dig into the aluminum guard rail to hold the Rolladen in a fixed posi-
tion. Available types of operation include manual crank, pulley strap and electric motor. For
electric operation, in addition to individual switching, a central control panel is available with
electric timer, photocell, or radio command.

COST
Not available.

PERFORMANCE CHARACTERISTICS

Type / Condition T, R, T R, S.C. USg Udg
Wnite Auminum 0.00 0.04 0.49
White PVC 0.00 0.03 0.47
LIMITATIONS
COMMENTS

SC refers to closed slats. U-values are for winter. Noise reduction is 85% @closed position and
52% @ vented position.

REFERENCES

Manufacturer's brochure (1977).
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : External Shades, Internal Shades
PRODUCT NAME:  Thermo Veil™, Thermo Shade™

MANUFACTURER: Mecho Shade Corporation
42-03 35th Street, Long Island, NY 11101
(212) 7298-2020

DESCRIPTIVE. CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [X] Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X]Permanent [X] Retractable [ JAir Tight

[ ]Seasonal [ ]Adjustable [ ]Wind Resistant
DESCRIPTION

Thermo Shade™ and Thermo Shade ™ are technologically advanced woven vinyl fabrics. They
are washable, flame retardant and fade resistant. They content 79% vinyl and 217% dernier
polyester core. They are suitable for both interior and exterior applications. Thermo Veil
has 91-21% openness, while Thermo Shade™ has 2-4%. They are available in linen, beige, grey
and black/brown. Also available in Dual Weave (black/white). Complete line of Mecho Shade
hardware is available for both interior and exterior use. They are chain operated, manually or
automatically through available programmed window management controls (photocell,
anemometer).

COST
Not available.

PERFORMANCE CHARACTERISTICS

Type / Condition T, R, T R, S.C. USg Udg_

Interior linen Thermo Veil 0.28 0.37 0.48 0.51 0.85 0.43
Interior linen Thermo Shade 0.10 0.25 0.54 0.43 0.85 0.43
Interior gray Thermo Veil 0.28 0.28 0.27 0.61 0.85 0.43
Interior gray Thermo Shade 0.05 0.07 0.30 0.54 0.85 0.43
Exterior linen Thermo Veil 0.28 0.37 0.46 0.40 0.85 0.43
Exterior gray Thermo Shade 0.05 0.07 0.30 0.14 0.85 0.43

LIMITATIONS

COMMENTS - -

Additional performance characteristics are available
for the rest of the product types and with various
types of glass. Performance characteristics were
measured by Matrix Inc. and Professor John Yellott,
Arizona State University.

REFERENCES
Manufacturer’s brochure (February 1982).
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOILAR CONTROL PRODUCT DATA SHEFET

GENERIC TYPE : External Louvers
PRODUCT NAMEL : Brown Louvers

MANUFACTURER: Brown Manufacturing Company
P.0O. Box 14546, Oklahoma City, OK 73114
(405) 751-1323

DESCRIPTIVE CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [ ] Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ] Acoustic Insulation
[X] Permanent [ 1Retractable [ JAir Tight

[ ]Seasonal [X] Adjustable [X] Wind Resistant
DESCRIPTION

Brown Company manufactures both horizontal and vertical louvers in several blade profiles.
Vane widths are typically in the range 4-12", depending on the model. Numerous mounting
options and locations for manual operator (crank) are available. Operation is controlled by
pushbutton, time control with pushbutton over-ride and timer, again with pushbutton over-
ride.

COST
Not available.

PERFORMANCE CHARACTERISTICS
Not available.

LIMITATIONS
Interferes with egress.
COMMENTS HORIZONTAL BA-1800-H
HORIZONTAL BA-1000-H

REFERENCES :'EAD  Lorne s -
Manufacturer's brochure (1962). = &":ﬁ"?_—:_’%gmm’c' © L Y aonel G .
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : External Louvers
PRODUCT NAME : Moore Louvers

MANUFACTURER: The Moore Company
Marceline, MO 64658
(B18) 376-3583

DESCRIPTIVE CHARACTERISTICS

[X] Prime / Replacement [ ]1Fixed [ ]1Thermal Insulation
[X] Add On / Retrofit [X] Operable [ JAcoustic Insulation
[X] Permanent [ ]Retractable [ JAir Tight

[ ]Seasonal [X] Adjustable [X] Wind Resistant

DESCRIPTION

The hollow aluminum, aerodynamically configured louvers, can span 16' and be vertically
linked with similar modules to shade 200". Each louver assembly can have its louvers tilted by
electrical or pneumatic actuators which are controlled manually, or by automatic control sys-
tems. The automatic control system opens the louvers as wide as possible without admitting
direct sunlight. The basic operational logic can be over-ridden by manual control, as well as
by other control options, including “Solar Control Delay Time and Night Closer’ which
prevents positioner from responding to transient conditions (e.g. clouds) by means of a user-
set delay (0-15 min), "‘Light Intensity Over-Ride" which keeps interior illumination from
exceeding a preset value and '‘Analog Signal Input".

COST

Not available.

PERFORMANCE CHARACTERISTICS
Not available.

LIMITATIONS
Interferes with egress.

COMMENTS

REFERENCES
Manufacturer’'s brochure.

Model TASV
FCw 1925 185

Model NAS-V
Fc = 1180 LBS.

Fc = Force On Control Rod

Initials: jk, kmp Date: November 1982 LBL File No.: 4.2.5
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : External Metal Screen
PRODUCT NAME : KoolWall

MANUFACTURER: KoolShade Corporation
P.0. Box 210, Solana Beach, CA 92075
(819) 755-5128

DESCRIPTIVE CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [ ] Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [ ]Retractable [ ]Air Tight

[ ] Seasonal [X] Adjustable [X] Wind Resistant
DESCRIPTION

Tiny horizontal bronze louvers (0.05" wide by 0.007" thick) are held by bronze vertical wires at
proper spacing and tilt within aluminum frame. Available as Standard (17 louvers per vertical
inch) or Low Sun Angle (23 louvers per vertical inch). Available in widths up to 72.5". The
standard color is black, with others available by special order. The KoolWall system utilizes
movable KoolShade screen panels which can be deployed as desired over windows. A torque
tube drive motor provides the power. Control may be by means of sensors responding to solar
flux, wind speed, external temperature, or manual over-ride.

COST
Not available.
PERFORMANCE CHARACTERISTICS

Type / Condition T, R, T Rg S.C. Usg Udg
Standard @ 10° profile angle 0.515 0.04 0.14 0.45 0.85 0.50
Low Sun Angle @10° profile angie 0.465 0.04 0.04 0.27 0.85 0.50
Standard @30° profile angle 0.515 0.28 0.85
Low Sun Angle @30° profile angle 0.465 0.10 0.85
Standard @50°+ profile angle 0.515 0.12 0.85
Low Sun Angle @50°+ profile angle 0.485 0.10 0.85

LIMITATIONS

May impede egress.

COMMENTS

This system is a recent modification of the older
KoolShade system which utilizes fixed panels, mov-
able only for cleaning.

REFERENCES

KoolWall and KoolShade brochures (KW-80-1 and KS-
7701). John I Yellott “'Energy Conservation and Econ-
omy through Sun Control”.

Initials: jk, kmp Date: January 1983 LBL File No.: 4.2.6
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : External Fiber-glass Screen, Internal Fiber-glass Screen
PRODUCT NANME: 3% Ealu-Rollscreen
MANUFACTURER: 3S Halu-Rollscreen & Selinger Sun Screen

2340 Gold River Road, Rancho Cordova, CA 85670

DESCRIPTIVE CHARACTERISTICS

[ ]Prime / Replacement [ | Fixed [X] Thermal Insulation
[X] Add On / Retrofit [X] Operable [X] Acoustic Insulation
[X] Permanent [X] Retractable [ ]Air Tight

[ ]Seasonal [ ]Adjustable [ ]Wind Resistant
DESCRIPTION

Roll-down fiber-glass screen, for both exterior and interior use. The material is light-and-air-
admitting fiber-glass fabric (fiber-glass yarn, coated with flame-proof PVC: 27% glass and 73%
PVC). The material is known as Lyverscreene. manufactured by J. Brochier et Fils, in France.
1t is available in various colors and color-combinations, such as Gris, Chamois, Bronze, Salbe,
Hanc angd their combinations. Manual operation is performed by a gear-box with rod and col-
lapsible handle. Operation options include electric motors that may be activated with a solar
control and an anemometer over-ride.

COST
From § 263 (36" by 36") to $ 801 (120" by 120").

PERFORMANCE CHARACTERISTICS

Type / Condition T, R, T, R, S.C. USg Udg
Internal Gris 0.07 0.05 0.16 0.64
[nternal Salbe 0.06 0.08 0.29 0.51
Internal Blanc 0.12 0.14 0.45 0.36
External Gris 0.07 0.05 0.14 0.18
External Salbe 0.06 0.08 0.36 0.15
External Blanc 0.12 0.14 0.63 0.21
LIMITATIONS
COMMENTS

Completed project applications include: Union Pacific, General Electric, U.S. Navy and Airforce
and State of California. Usg values for Lyverscreen are 0.70-0.85, according to air circulation.

REFERENCES

Manufacturer's brochure (September 1980). Matrix
Inc. test reports, submitted by manufacturer.

Initials: kmp Date: February 1984 LBL File No.: 4.2.7
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : Blinds Between Glasses
PRODUCT NAME :  Vision Control®

MANUFACTURER: Unicell, Inc.
88 de Vaudreil, Boucherville, Québec, Canada J4B5G4
(514) 865-1580

DESCRIPTIVE CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [X] Thermal Insulation
[ ]Add On / Retrofit [X] Operable [X] Acoustic Insulation
[X] Permanent [ ]Retractable [X] Air Tight

[ ]Seasonal [X] Adjustable [ ] Wind Resistant
DESCRIPTION

Vision Control® consists of pivoting hollow-chambered louvers between insulated and tem-
pered glass panels. Louvers may be mounted either horizontally or vertically. They can rotate
180¢. Many kinds of special glazing are available, such as tinted, reflective, laminated, heat
strengthening, bullet resistant, etc. Slats are available in many color finishes. There is a wide
selection of standard baked-enamel colors, in either matte or gloss finishes. Special anodized
finishes are available in light, medium and dark bronze. Other special options include chrome
and gold tone finishes. Applications include inclined window openings.

COST
Not available.

PERFORMANCE CHARACTERISTICS

/ e T
Type / Condition T, R, T, R, S.C. USg Ldg
White sia1s @45° 0.184 0.218 0.53 0.57
White slats @80° 0.408 0.148 0.53 0.49
White slats @ 135° 0.158 0.181 0.28 0.51
White slats @ 1B0° 0.00 0.408 0.08 0.53
LIMITATIONS
Dark colors are not recommended for exterior use and are not warranted.
COMMENTS

Performance characteristics were determined through tests in accordance with ASTME E-774
and 773 test methods and Canadian Specification CAN2-12.8-M.76. Also in accordance with
1.G.C.C. standards ‘A" 'B' 'C".

REFERENCES
Manufacturer's brochure (May 1984).

HALF OPENED

/
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D-10



Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : Interior Venetian Blinds
PRODUCT NAME : Levolor Aluminum Blinds

MANUFACTURER: Levolor Lorentzen Inc.
720 Monroe Street, Hoboken, New Jersey 07030
(201) 792-2600, (212) 964-0431

DESCRIPTIVE CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [ ]Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [X] Retractable [ ]Air Tight

[ ]Seasonal [X] Adjustable [ ]1Wind Resistant
DESCRIPTION

The slats in Levolor Blinds are made from virgin aluminum alloyed with a high percentage of
magnesium. Some of the available types are: the Fiviera Blind (0.984" wide) in more than 100
colors, the Flez-King Blind (2" wide) in 33 colors, the Monaco Blind (2" wide) in 33 colors, the
Venasco Blinds (2" wide) in 22 colors, the Century Hlind (2" wide) in 2 colors, the Kre-Bloy
Magic Blind which is a perforated version of many types, and others, including blinds between
glasses, audiovisual blinds, etc. They are suitable for all kinds of applications, including
skylights, inclined windows, greenhouses, irregular shapes, etc.

COST
Available information is $60,115 for 62,500 ftz.
PERFORMANCE CHARACTERISTICS

Type / Condition T, R, T R, S.C. Usg Udg
Bright mirror, siats fully open 0.800 0.075 0.721
Bright mirror, slats @45° upwards 0.170 0.230 0.468
Bright mirror, slats ciosed 0.000 0.770 0.140
Gray linen, siats fully open 0.300 0.140 0.583
Gray linen, slats @45° upwards 0.060 0.300 0.381
Gray linen, slats closed 0.010 0.380 0.320
LIMITATIONS

There are specific limitations with respect to spacing between ladders and cords, according to
size of opening.

COMMENTS

The performance characteristics are based on a study
made by the College of Engineering at the University
of Florida. Additional performance characteristics
are available for a wide variety of product types,
colors and finishes.

REFERENCES
Manufacturer's brochure.

Initials: kmp Date: March 1984 LBL File No.: 4.4.1
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : Interior Louvers
PRODUCT NAME:  Verticals (various types)

MANUFACTURER: Louverdrape Inc.
1100 Colorado Avenue, Santa Monica, CA 50401
(213) 450-6100

DESCRIPTIVE CHARACTERISTICS

[ ]Prime / Replacement [ ]Fixed [X] Thermal Insulation
[X] Add On / Retrofit [X] Operable [X] Acoustic Insulation
[X] Permanent [X] Retractable [ ]Air Tight

[ ]Seasonal [X] Adjustable [ ]Wind Resistant
DESCRIPTION

Louverdrape Inc. has seven basic hardware models and a wide variety of louvers to provide
light and view control. There are more than 30 different types of textures, each of which is
available in a wide variety of colors and color combinations. Types include Solid Vinyl, Solid
Vinyl Perforated, One or Two Sided Mirror finishes, etc. The louvers are available in 2", 3",
3.5", 4.375" and 5" widths. Operation is done by chain, allowing 180° rotation. Operation
through electric motors is also available, including remote control capabilities.

COST
Not available.

PERFORMANCE CHARACTERISTICS

Type / Condition T, R, Ts Rs S.C. Usg Udg
Fiberg.ass filled, louvers closed 0.000 0.740 0.100 0.340
Fiberglass filled, louvers @45° 0.220 0.410 0.480 0.700
Black, foam filled, louvers closed 0.000 0.540 0.238 0.340
Black, foam filled, louvers @45° 0.315 0.315 0.550 0.700
White, foam filled, louvers closed 0.055 0.700 0.238 0.358
¥hite, foam filled, louvers @45° 0.310 0.415 0.408 0.710
LIMITATIONS
COMMENTS

Solar-optical properties were measured by MATRIX INC., Mesa, Arizona (August 1971). Solar
altitude was from 35° to 38°. U values for louvers @45° were estimated.

REFERENCES

Manufacturer's brochure (Novemnber 1983). W %'
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : Interior Blinds
PRODUCT NAME : Thermocell Blind
MANUFACTURER: Thermal Technology Corporation of Aspen, Inc.

601 Alter Street, Broomfield, Colorado 80020
(303) 466-1848

DESCRIPTIVE. CHARACTERISTICS

[ ]1Prime / Replacement [ ]Fixed [X] Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [X] Retractable [ 1Air Tight

[ ]Seasonal [ ]Adjustable [ ]Wind Resistant

DESCRIPTION

The Thermocell Blind is a series of hollow, honeycomb-shaped structures. Fully extended, the
blind traps air in these cells and creates and creates an additional air space between itself and
the window, resulting in high insulating values. Edge sealing tracks accent the installation
and increase insulating effectiveness. It retracts accordion style, compacting each linear foot
into one eighth of an inch. It is available in opague, translucent and transparent finishes.
Thermocell Blind is available in vertical drop, parallel bar and continuous loop operating sys-
tems, thus suitable for all kinds of uses and applications.

COST
From $ 75 (30" by 30") to $ 470 (98" by 144"), according to width and height (6/ 1/84).

PERFORMANCE CHARACTERISTICS

Type / Condition T, R, Tg Ry S.C. sg Udg
Chrome 0.00 0.82 0.20
Pewter 0.00 0.92 0.18 0.15
White metalized 0.00 0.85 0.27 0.20
White transiucent 0.20 0.72 0.32 0.39 0.25
Blue smoke 0.18 0.35 0.20
Gray tint 0.28 0.13 0.83 0.20

LIMITATIONS

Opaque versions do not allow view. Maximum width is 96". Maximum height is 144",

COMMENTS

The solar-optical properties were measured by Yellot
Engineering Associates, Phoenix, Arizona. U values
were measured with Omph wind. s
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : Interior Shutter
PRODUCT NAME:  Skyview ™

MANUFACTURER: Skyview Control Systems, Inc.
4780 Beidler Avenue, Willoughby, Ot 44054
(218) 953-1011

DESCRIPTIVE. CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [ ] Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [X] Retractable [ JAir Tight

[ ]Seasonal [ ]Adjustable [ ]W¥Wind Resistant
DESCRIPTION

SkyviewTM is a complete skylight system. It uses double acrylic dome and aluminum frame
with thermal break. The motor-driven, multi-fold shutter deploys in a track beneath the
skylight. The shutter is available in three standard colors: bronze, white and white in blackout
version. Single units are available in 4-6-8' by 4-6-8'. These may be assembled into multiple
units at the factory or on-site. The shading units may be ordered separately, to retrofit exist-
ing skylights. Barrel vault and sloped wall (fAat) skylight configurations are also available.
Each panel of the folding shutter measures 5" by the width of the skylight. A manually
actuated motor deploys the multi-fold shutter horizontally beneath the skylight.

COST
Not available.

PERFORMANCE CHARACTERISTICS

T T
Type / Condition T, R, T R S.C. Lsg Udg
Clear dome, no shutter 0.850 0.850 0.860
Clear dome, white shutter 0.150 0.002 0.287 0.550
Clear dome, bronze shutter 0.170 0.048 0.588
Bronze dome, no shutter 0.580 0.580 0.880
Bronze dome, white shutter 0.100 0.082 0.249 0.550
Bronze dome, bronze shutter 0.110 0.048 0.444
LIMITATIONS
COMMENTS

R_and U values are for double (bronze/clear) dome.
For this combination, white shutter offers T_ = 0.035
and S.C. = 0.180, while bronze shutter oﬁ?ars TS =
0.076 and S.C. = 0.230.
bronze dome

REF'E.RENCES clear dome

Manufacturer's brochure and information, including white snade
reports from National Certified Test Laboratories

(2/26/82).

Initials: jk, kmp Date: November 1982 LBL File No.: 4.4.2
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEFET

GENERIC TYPE : Interior Shades
PRODUCT NAME : Sun Shades

MANUFACTURER: The Plastic Sun Shade Company, Inc.
389-91 Union Avenue, Irvington, New Jersey 07111
(201) 373-8181, (201) 373-8182

DESCRIPTIVE CHARACTERISTICS

[ ]Prime / Replacement [ ]Fixed [X] Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [X] Retractable [ JAir Tight

[ ]Seasonal [ JAdjustable [ ]Wind Resistant
DESCRIPTION

Sun Shade material is a formulated cast cellulose acetate. It is transparent, yet filters the
sun’'s infra-red and ultra-violet rays. It has all the necessary properties for maximum protec-
tion against ultra-violet rays within the wave-lengths from 150 to 4000 Angstroms. Sun Shade
is available in various colors and color combinations, such as Silver, Smoke, Bronze, Gold,
Amber and Green in various combinations. It is used as a roll-down shade, operated by a cord
mechanism.

COST
Not available.

PERFORMANCE CHARACTERISTICS

Type / Condition T, R, Ty R, S.C. USg Udg
Siiver/Siiver 0.118 0.048 | 0.731 0.180 | 0.480 ]
Bronze /Bronze 0.109 0.204 0.242 0.310 0.480
Smoke /Smoke 0.120 0.387 0.112 0.510 0.480
Amber 0.800 0.845 0.150 0.780 0.45
Smoke /Silver 0.087 0.104 0.537 0.170 0.480
Smoke /Siiver /Smoke 0.075 0.157 0.232 0.280 0.480

LIMITATIONS

Clear Sun Shade should be rotated in window at least once every 10-14 days, to avoid infra-red
fading.

COMMENTS

Manufacturer indicates that 12% of the absorbed solar

radiation will fiow inwards. Additional performance

characteristics are available for other colors and CORD & REEL SHADES
color combinations.

REFERENCES

Manufacturer's brochure and information (June
1978).
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¥Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : Interior Drapes
PRODUCT NAME : Generic

DESCRIPTIVE CHARACTERISTICS

[ ]Prime / Replacement [ ]Fixed [X] Thermal Insulation
[X] Add On / Retrofit [X] Operable [X] Acoustic Insulation
[X] Permanent [X] Retractable [ JAir Tight

[X] Seasonal [ ]Adjustable [ ]W¥Wind Resistant

DESCRIPTION

Indoor draperies have long been used in residential and commercial applications, to afford sun
control and privacy. Draperies are available in a very wide range of fabrics, resulting in a wide
range of performance. Some installations use multiple layers of draperies, thereby allowing
for both additional thermal resistance (by means of the created air spaces), as well as choices
of degree of outward vision. Large commercial installations may use electric motors for the
deployment of draperies.

COST
Not available.

PERFORMANCE CHARACTERISTICS

Type / Condition T, R, T R S.C. Usg Udg
0.83 0.43
LIMITATIONS
COMMENTS

A single layer of tightly woven fabric, in close proximity to the wall, provides an air space that
results in an additional thermal resistance of 0.29.

REFERENCES
ASHRAE Handbook 1977 Fundamentals.
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : External Awning
PRODUCT NAME:  Constant Tension Mechanism Awning
MANUFACTURER: John Boyle and Co., Inc.

3 Westchester Plaza, Elmsford, NY 10523

DESCRIPTIVE CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [ ]1Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [X] Retractable [ ]Air Tight

[ ]Seasonal [ ]Adjustable [ ]Wind Resistant
DESCRIPTION

This movable external awning is deployed over slopping or vertical glazing by a constant ten-
sion mechanism (CTM) powered by a tubular motor. The mechanism maintains taught fabric
throughout the deployment cycle. Areas from 2' by 2' to 20’ by 20' can be covered by one stan-
dard unit. Available fabrics include triple-ply vinyl-polyester laminate, resin impregnated cot-
ton duck, vinyl-polyester industrial cover fabrics, translucent vinyl-polyester and spun-dyed
acrylic materials. The motor may be controlled by time clock or by weather sensors.

COST
Not available.

PERFORMANCE CHARACTERISTICS
Not available.

LIMITATIONS
May impede egress if used over operable glazing. Certain fabrics are not flame retardant.

COMMENTS

REFERENCES
Constant Tension Mechanism brochure.

A. Fabncs by John Boyle & B. Front bar of sxtruded, anodized E. Constant Tension Mechanism
Company sluminum. channeled for high . Roller bar of galvamized steel
ngiaey. G. Somfy® tubular gesred motor

C. Trolley wheeis

D. Tracks of extruded, anodized
aluminum

Initials: jk, kmp Date: January 1983 LBL File No.: 4.2.1
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : External Shades, Internal Shades
PRODUCT NAME:  Thermo Veil™, Thermo Shade™

MANUFACTURER: Mecho Shade Corporation
42-03 35th Street, Long Island, NY 11101
(212) 729-2020

DESCRIPTIVE. CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [X] Thermal Insulation
[X] Add On / Relrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [X] Retractable [ ]Air Tight

[ ]Seasonal [ ]Adjustable [ ]Wind Resistant
DESCRIPTION

Thermo Shade'™ and Thermo Shade™ are technologically advanced woven vinyl fabries. They
are washable, lame retardant and fade resistant. They content 79% vinyl and 21% dernier
polyester core. They are suitable for both interior and exterior applications. Thermo Veil™
has 91-21% openness, while Thermo Shade™ has 2-4%. They are available in linen, beige, grey
and black/brown. Also available in Dual Weave (black/white). Complete line of Mecho Shade
hardware is available for both interior and exterior use. They are chain operated, manually or
automatically through available programmed window management controls (photocell,
anemometer).

COST
Not available.

PERFORMANCE CHARACTERISTICS

Type / Condition T, R, T R S.C. Usg Udg
Interior linen Thermo Veil 0.28 0.37 0.48 0.51 0.85 0.43
Interior linen Thermo Shade 0.10 0.25 0.54 0.43 0.85 0.43
Interior grey Thermo Veil 0.29 0.28 0.27 0.81 0.85 0.43
Interior gray Thermo Shade 0.05 0.07 0.30 0.54 0.85 0.43
Exterior linen Thermo Veil 0.28 0.37 0.46 0.40 0.85 043
Exterior gray Thermo Shade 0.05 0.07 0.30 0.14 0.85 043

LIMITATIONS ' —

COMMENTS

Additional performance characteristics are available
for the rest of the product types and with various
types of glass. Performance characteristics were
measured by Matrix Inc. and Professor John Yellott,
Arizona State University.

REFERENCES
Manufacturer's brochure (February 1982).

ek B T

interior “overhangs’’ change with sun angle.
Mecho Shades act as adjustable interior
overhangs which in effect, control glare, and
insure personal comfort by providing shade
and insulation at the window wall.

Initials: kmp Date: April 1984 LBL File No.: 4.2.4, 4.4.3
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : External Louvers
PRODUCT NAME : Brown Louvers

MANUFACTURER: Brown Manufacturing Company
P.0. Box 145486, Oklahoma City, OK 73114
(405) 751-1323

DESCRIPTIVE CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [ ]Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [ ]Retractable [ JAir Tight

[ ]Seasonal [X] Adjustable [X] Wind Resistant
DESCRIPTION

Brown Company manufactures both horizontal and vertical louvers in several blade profiles.
Vane widths are typically in the range 4-12", depending on the model. Numerous mounting
options and locations for manual operator (crank) are available. Operation is controlled by
pushbutton, time control with pushbutton over-ride and timer, again with pushbutton over-
ride.

COST
Not available.

PERFORMANCE CHARACTERISTICS HORIZONTAL BA-1800-H

HORIZONTAL BA-1000-H

Not available. WEAD

L Pin Hil
LIMITATIONS HED — Loose pin Hinge g e ChameibyG.C.
i, "\ e Channel by G. C. e
Interferes with egress. *?‘———hi:’?f = 3 |
] o i = L 5!
2 | o L] 1
COMMENTS B | Stz
: ) ! P i
Co it -k Co oo
REFERENCES o) N 1
[—— 'k | oy
Manufacturer's brochure (1962). “H“i ; b .
s » o i , ‘ Vane Width 17
HORIZONTAL BA-500-H ! ,_Yane width 17 ‘o .
5 b} S . - o
u _HEAD - Loose. Pin Hinge ‘::' z L__lr\,.:) * é Q )
{ 3 \ i z Coh |"
g £ % Py z & AT
23 = > g ! ot Gear Box 5 3 : e
éé o . 3 s Torque Bar :é 5 ===
vane E ol ‘ y 2 i . i
z _wan /% < [ = © b
5 s Lo 3 Lo
2 &
’E':‘-t‘—"‘:‘ :
s Gear Box ) 1 ! ‘.k ! T B
——pm—d T B H | P orque Bar
s B e /p?:u;me::e 8y G. C. ' o o R Gear Box
X [« AL i B ——— il Bracket - " Sill Bracket
¥ = FUES i} = . —Pipe Sleave by G. C.
3 ="':‘:/:E_.-/ . - SO 3 W= =y
7 Slrlalcku!‘_ . l 5"/4%‘ ' :&3
: Sl SILL i — . siL L___Jt_—_z
VERTICAL SECTION VERTICAL SECTION VERTICAL SECTION
+—— Uit Width ——see—— Unit Width _._] : Unit Width

AR

T —dt.. Il -
_,, . : MULLION MULLION JAMB E
— -3 With No Operator  With Double Unit Operator -
LION ) JAMB MULLION ) JAMB
ML Operator at Sill Operator st Sil!
HORIZONTAL SECTION HORIZONTAL SECTION HORIZONTAL SECTION
Initials: jk, kmp Date: November 1882 LBL File No.: 4.2.5

D-19



Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : External Louvers
PRODUCT NAME : Moore Louvers

MANUFACTURER: The Moore Company
Marceline, MO 64658
(818) 376-3583

DESCRIPTIVE CHARACTERISTICS

[X] Prime / Replacement [ ]Fixed [ ]Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [ ]Retractable [ TAir Tight

[ ]Seasonal [X] Adjustable [X] Wind Resistant
DESCRIPTION

The hollow aluminum, aerodynamically configured louvers, can span 16 and be vertically
linked with similar modules to shade 200". Each louver assembly can have its louvers tilted by
electrical or pneumnatic actuators which are controlled manually, or by automatic control sys-
tems. The automatic control system opens the louvers as wide as possible without admitting
direct sunlight. The basic operational logic can be over-ridden by manual control, as well as
by other control options, including “Spolar Control Delay Time and Night Closer’ which
prevents positioner from responding to transient conditions (e.g. clouds) by means of a user-
set delay (0-15 min), “Light Intensity Over-Ride” which keeps interior illumination from
exceeding a preset value and ""Analog Signal Input™.

COST

Not available.

PERFORMANCE CHARACTERISTICS
Not available.

LIMITATIONS

Interferes with egress.

COMMENTS

REFERENCES
Manufacturer's brochure.

Model TASV
FC= 1925 185,

Mode! TBS-V
Fc = 3611LBS.

Modet NASV
Fc = 1100 LBS.

Fc = Force On Control Rod
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Windows & Daylighting Group Lawrence Berkeley Laboratory

SOLAR CONTROL PRODUCT DATA SHEET

GENERIC TYPE : Interior Blinds
PRODUCT NAMWE : Thermocell Blind

MANUFACTURER: Thermal Technology Corporation of Aspen, Inc.
601 Alter Street, Broomfield, Colorado 80020
(303) 466-1848

DESCRIPTIVE CHARACTERISTICS

[ ]1Prime / Replacement [ ]Fixed [X] Thermal Insulation
[X] Add On / Retrofit [X] Operable [ ]Acoustic Insulation
[X] Permanent [X] Retractable [ JAir Tight

[ ]Seasonal [ ]Adjustable [ ]Wind Resistant
DESCRIPTION

The Thermocell Blind is a series of hollow, honeycomb-shaped structures. Fully extended, the
blind traps air in these cells and creates and creates an additional air space between itself and
the window, resulting in high insulating values. Edge sealing tracks accent the installation
and increase insulating effectiveness. It retracts accordion style, compacting each linear foot
into one eighth of an inch. It is available in opaque, translucent and transparent finishes.
Thermocell Blind is available in vertical drop, parallel bar and continuous loop operating sys-
tems, thus suitable for all kinds of uses and applications.

COST
From $ 75 (30" by 30") to $ 470 (96" by 144"), according to width and height (6/1/84).

PERFORMANCE CHARACTERISTICS

Type / Condition T, R, T Rg S.C. USE UEE.
Chrome 0.00 0.82 0.20
Pewter 0.00 0.82 0.18 0.15
White metalized 0.00 0.85 0.27 0.20
White translucent 0.20 0.72 0.32 0.38 0.25
Blue smoke 0.18 0.35 0.20
Gray tint 0.28 0.13 0.83 0.20
LIMITATIONS

Opaque versions do not allow view. Maximum width is 96"". Maximum height is 144".

Weatherstrip
MMENT Aluminum
co S m - Head Rail
The solar-optical properties were measured by Yellot l S
Engineering Associates, Phoenix, Arizona. U values =)
= Thermocelf

were measured with Omph wind. Aluminum o Bind

REFERENCES Side Track
Manufacturer’s brochure (June 1984).

Edge Seal

Aluminum
Sill Rail \
BeTor rouT Weatherstrip
Initials: kmp Date: October 1984 LBL File No.: 4.4.1
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APPENDIX E
DESIGN TOOLS

This daylighting design tools matrix includes a sampling of tools that are
currently commercially available as well as several still under development. One
of a designer's more difficult tasks may not be using a particular design tool,
but selecting a design tool. This matrix is a arranged into three levels: pro-
tractors and graphic tools, microcomputer software, and mainframe computer pro-
grams. Contact information is provided to facilitate requests for more complete
information.

Over the next year or two, we expect to see a proliferation of microcomputer-based
daylighting design tools. This will create additional difficulties for the aver-
age architect or lighting designer who will be faced with the task of comparing or
evaluating relative merits of these particular models. Procedures to evaluate and
compare different daylighting calculations or design techniques are needed. One
approach is to develop a carefully structured data base of measured illuminance
values in a series of test rooms under a variety of standard overcast and clear
sky conditions. The design tool in question could then be run and the results
compared to the standard data set. Careful selection of the conditions that are
included in the data base should make it possible for a user to learn a consider-
able amount about the accuracy of the calculation procedure without looking at the
algorithms or code. Defining the fundamental limitations for using each design
tool should also help to guide the user to the tools that are most appropriate for
the particular problem under study.
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Daylighting Design Tool Surve Pa
NOMOGRAPHS ot o oamsa s y Peeel

Windows and Daylighting Group/Lawrence Berksley Laboratory

TOOL NAME

CONTACT

DAYLIGHT|

ELECTRIC
LIGHT

LIGHT
ENERGY

TOTAL
ENERGY

3-A

Daylighting
Nomographs

Energy
Nomographs

Energy
Nomographs

Lumen Method
Sun Angle Calculator
Heat Gain Calculator

Windows & Daylighting Group
Building 90-3111

Lawrence Berkeley Laboratory|
University of California
Berkeley, CA 94720

(415) 486-5605

Burt Hill Kosar Rittelmann
Associates

400 Morgan Center

Butler, PA 16001

(412) 285-4761

CONTACT:: Al Sain

Ross & Baruzzini, Inc.
7912 Bonhomme

St. Louis, MO 63105
(314) 725-2242

Libbey=-Owens-Ford
811 Madison Avenue
Toledo, OH 43695
(419) 247-4232

PROTRACTORS/TABLES

TOOL NAME

CONTACT

DAYLIGHT

LIGHT

ELECTRIC{ LIGHT
ENERGY| ENERGY

TOTAL

BRS Protractors

LUNE Protractor

LBL Protractors

WALDRAM Diagrams

BRS Daylight Tables

Designers Software Exchange
Laboratory of Architecture
and Planning

MIT

77 Massachusetts Avenue
Cambridge, MA 02139

(617) 253-5017

CONTACT: Harvey Bryan

Lighting Research Laboratory
P.0.Box 6193

Orange, CA 92667

(714) 771-1312

CONTACT: Bill Jones

Windows & Daylighting Group
Building 90-3111

Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

(415) 486-5605

Designers Software Exchange
Laboratory of Architecture
and Planning

MIT

77 Massachusetts Avenue
Cambridge, MA 02139

(617) 253-5017

‘CONRTACT: Harvey Bryan

Designers Software Exchange
Laboratory of Architecture
and Planning

MIT

77 Mdassachusetts Avenue
Cambridge, MA 02139

{617) 253-5017

CONTACT: Harvey Bryan
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MICROS

TOOL HAME

January 1985

CONTACT

DAYLIGHT

Daylighting Design Tool Survey

Windows and Daylighting Group/Lawrence Berkeley Laboratory

ELECTRIC
LIGUT

LIGHT
ENERGY

TOTAL
ENERGY

1-C

~

-C

4=C

CADLIGHT

CONTROLITE

DALITE

DAYLIT

DAYLITE

DYNALITE

ENSAR

LUMEN III

Wiley Professional Software
605 Third Avenue

New York, dY 10158

(212) 850-6738

CONTACT: Leslie Bixel

Lighting Systems Research Group
Building 90-31l1

Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

(415) 486-5607

Nationmal Fenestration Council
3310 Hdarrison Street

White Lakes Prof. Bullding
Topeka, K5 66111

(913) 266-7014

CONTACT: Bill Birch

Graduate School of Architecture
and Urban Planning

UCLA

405 Hilgard Avenue

Los Angeles, CA 90024

(213) 825-7370

CONTACT: Murray Milne

Solarsoft

1406 Burlingame Ave., Suite 31
Burlingame, CA 94010

(415) 342-3338

CONTACT: Bill Ashton

Skidmore, Owings & Merrill
1 Maritime Plaza

San Francisco, CA 94111
(415) 981-1555

CONTACT: Mark Smith

Ensar Group

66 S. Van Gorden St. #107
Lakewood, CO 80228

(303) 989-9407

CONTACT: Greg Franta

Lighting Technologies

3060 walout St., Suite 209
Boulder, CO 80301

(303) 449-5791

CONTACT: Martin M. McCloske

MICROLITE 1.0 Designers Software Exchange

Laboratory of Architecture
and Planning

MIT

77 Massachusetts Avenue
Cambridge, MA 02139

(617) 253-5017

CONTACT: Harvey Bryan
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MlCROS continued

TOOL NAME

January 1985

CONTACT

DAYLIGHT

ELECTRIC
LIGAT

Daylighting Design Tool Survey

Windows and Daylighting Group/Lawrence Berkeley Laboratory

LIGHT
ENERCY

Page 3

TOTAL
ENERGY

10-C

11l

|
(9]

14~C

15-C

QUICKLITE 1.0

SKYKING

SKYSIZE

SOLITE

THERMALITE

Windows & Daylighting Group
Building 90-3111

Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

(415) 486-5605

Heery Energy Consultants
880 West Peachtree St., NW
Atlanta, GA 30367

(404) 881-0497

CONTACT: Mark Davenport

Princeton Energy Group

575 Ewing Street
Princeton, NJ 08540

(609) 921-1965

CONTACT: Lawrence Lindsey

Sunpine Associates

2275 Cox Road

Cocoa, FL 32926

(305) 631-6225

CONTACT: Ross McCluney

Keniston & Mosher, Architects
666 State Street

San Diego, CA 92101

(619) 231-1312

CONTACT: James P. Brown

Designers Software Exchange
Laboratory of Architecture
and Planning

MIT

77 Massachusetts Avenue
Cambridge, MA 02139

(617) 253-5017

CONTACT: Harvey Bryan
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TOOL NAME

CONTACT

DAYLIGHT

ELECTRIC
LIGHT

LIGHT
ENERGY

TOTAL
ENERGY

1-D

SHIS

S & H Information Systems
11 West 42nd Street

New York, NY 10036

(212) 556-3212

CONTACT: Suro Das
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CONTACT

DAYLIGHT

ELECTRIC
LIGHT

Daylighting Design Tool Survey

Windows and Daylighting Group/Lawrence Berkeley Laboratory

LIGHT
ENERGY
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TOTAL
ENERGY

1-E

3-E

DEROB

DOE-2.1B

GLIM

LUMEN II

SUPERLITE
1.0

UWLIGHT

School of Architecture
University of Texas
Austin, TX 78712

(512) 471~1733

CONTACT: Francisco Arumi

Building Energy Simulation Group
Building 90-3147

Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

CONTACT: Karen Olson

Applied Research

of Cambridge, Ltd.

4 Jesus Lane

Cambridge CB5 8BA ENGLAND

Lighting Technologies

3060 Walnut St. Suite 209
Boulder, CO 80301

(303) 449-5791

CONTACT: Martin M. McCloskey

Windows & Daylighting Group
Building 90-3111

Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

(415) 486-5605

Department of Architecture
Gould Hall JO-20
University of Washington
Seattle, WA 98105

(206) 543-4180

CONTACT: Marietta Millet
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